PHYSICAL REVIEW B

VOLUME 25, NUMBER 9

1 MAY 1982

Impurity nearest-neighbor distances studied by extended x-ray absorption
fine structure: Application to electron-spin resonance
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The local environment around Pr as a magnetic impurity in ErSb solid solutions was investi-
gated by extended x-ray absorption fine structure measurements on Er,Pr;_,Sb (x =1,0.95,
0.90). The nearest-neighbor distances around the Pr ion were found to be nearly the same as in
pure PrSb, almost independent of the Pr concentration in the alloys. Thus, the usual assump-
tion used in electron-spin-resonance measurements—that the impurity nearest-neighbor distance

is the same as that of the host—is incorrect.

I. INTRODUCTION

It has long been recognized theoretically' that the
crystal electric field (CEF) parameters b, are strongly
influenced by the local environment of the magnetic
ion. Using the point charge (PC) model, Lea et al.!
established an inverse fifth-power relation between b4
and the nearest-neighbor distances and an inverse
seventh-power relation for b¢. In many cases a mag-
netic impurity ion is inserted in the host material to
probe the local environment. In such a case an as-
sumption has to be made about the value of the
nearest-neighbor distance since the impurity will, in
general, disturb the lattice. The usual assumption is
to neglect this disturbance and assume the host
nearest-neighbor distance, which is proportional to
the lattice constant ay.

From the data analysis of his ESR measurments on
Dy?* impurities in the cubic insulators CaF,, StF,,
and BaF,, Kiss? was able to show that b, varies more
like a2 than like ag®. Deviation from the PC model
in some cubic metallic compounds was also reported
by Davidov et al.>* Surprisingly, in spite of the
disagreement, the basic assumption of neglecting the
disturbance of the impurities is rarely questioned. As
far as we are aware, there exists so far no research
work in which possible lattice deformations of the
host crystal by the impurity probes were measured
and considered. Therefore it is of fundamental im-
portance for ESR spectra interpretation to investigate
this question.

To obtain information on the impurity ion’s local
vicinity we have used extended x-ray absorption fine
structure (EXAFS) spectroscopy. EXAFS is ob-
served in the form of fine structure that appears on
the high-energy side of the x-ray absorption edge for
transitions from the K or L shells.*~’ Generally ex-
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tending from 40 eV to more than 1000 eV past the
edge, this fine structure is created by a modulation of
the absorption matrix element which is caused by in-
terference between the outgoing spherical wave of
the photoelectron and waves backscattered from the
neighboring atoms. As the x-ray energy is changed,
the interference varies between constructive and des-
tructive, giving rise to the modulation in the x-ray
absorption coefficient as a function of energy. These
modulations can be analyzed to obtain the atomic ar-
rangement of the nearby environment of the excited
central atom.

The basic equation describing the EXAFS spectrum
at stt;e K shell in the one-electron picture is given
by*®

Nifi(k) ;
X(k) = E—ZI’{_TCXP —2k20i2—2%
x sin[2kR; +8,(k)] . (1)

The equation is also valid for the L shell to a good
approximation for cubic environments.'®!! The pho-
toelectron wave number k is related to its energy E
by %%k*/2m = E — E,, where E; and m are the binding
energy and mass of the electron. The sum is over
coordination shells at distances R;, each of which
contains N, similar atoms at the average distance R;
from the center atom. The Debye-Waller-type factor
exp(—2k%a}?) takes account of thermal motion
and/or structural disorder in a given coordination
shell, and X is a mean free path which accounts for
the finite lifetime of the excited state consisting of
the photoelectron and the ionized atom. The func-
tions f;(k) and §,(k) are, respectively, the back-
scattering amplitude and the total phase shift intro-
duced by the atomic potentials.
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In this paper we present a detailed study of the Pr-
Sb interatomic distance in three different ErPrSb
solid solutions which reveals a considerable lattice
distortion of the host in the vicinity of the Pr ion.

II. EXPERIMENT

We have measured the EXAFS spectrum of
Er,Pr,_,.Sb, where x =1, 0.95, and 0.90 on the Ly
edge of Er. The samples were prepared in an argon-
arc furnace from stoichiometric amounts of high-
purity Er, Pr, and Sb. A subsequent x-ray analysis
indicated less than 2% oxidation. The samples were
then ground to a fine powder, sieved through 400
mesh, and spread uniformly onto 0.05-mm-thick
magic transparent Scotch tape. Eight layers of tape,
used to make the sample with measured thickness
around the theoretical optimum to minimize thick-
ness effects,'? were placed in copper cells with Kap-
ton x-ray windows sealed with epoxy. The cells were
sealed with indium O rings after the sample was
placed inside. '

All the EXAFS spectrum measurements were ac-
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FIG. 1. The Ly edge x-ray absorption spectrum of Er as
a function of the x-ray photon energy in (a) ErSb, (b)
Erg.95Pro.05Sb, (c) ErggoPrg 10Sb, after pre-edge background
subtraction and normalization to the edge step.

quired at the Stanford Synchrotron Radiation Labora-
tory (SSRL) using beam line IV-3 (wiggler line) at
room temperature only. In order to estimate the er-
ror bar, each sample was subjected to at least three
different scans, each of which had a total of 10° pho-
tons per data point. A typical spectrum is presented
in Fig. 1.

A silicon (220) crystal monochromator was used in
all cases. The incident and final x-ray intensities
were measured using ionization chambers filled with
appropriate gases. The monochromator was routinely
detuned to reduce contamination from harmonics,
which were monitored on a rate meter connected to
the output of a photomultiplier placed behind the
second ionization chamber and shielded by 9.4-mm
aluminum. The overall energy resolution in the ab-
sorption measurements was better than 1 eV in all
cases.

III. DATA ANALYSIS

The Ly edge of Er was isolated from the rest of
the absorption spectra by removing a smooth pre-
edge fitted curve. The data were then normalized
and interpolated from energy to k space using
k=[2m(E — Eo) 12/, where E, was set to the peak
of the “‘white line’’ at the top of the edge. A second
smooth curve was then subtracted to remove the
smooth wo contribution from the data, thus leaving a
pure EXAFS oscillatory signal. The low-k value limit
of 4.2 A~ for the X(k) data analysis was set by the
requirement of being beyond the white line of Fig. 1
(the large peak near the edge), while the upper limit
was chosen to be k =10.7 A~!, above which the
signal-to-noise ratio became too small to be useful.

A single coordination shell was then isolated by
Fourier transform of k2x(k) with respect to
expl—i(2kr)], yielding peaks corresponding to the
neighboring shells of atoms.® To simplify the
analysis, the EXAFS contribution from individual
shells was isolated by back Fourier filtering using a
suitable T-space window with a Hanning function to
provide a smooth termmatxon of the window. We ap-
plied a 2.00—3.50- AT -space wmdow along with a
Hanning function width of 0.1 A at both ends of the
window (Fig. 2). The backtransform can be
analyzed!! to obtain separately the total phase of the
sine function and its coefficient in (1) —the
amplitude —as functions of k. Using ErSb compound
as a standard, the difference in phases between ErSb
and each of the compounds Er,Pr;_,Ab (x =0.95,
0.90) was calculated.!! Since the backscattering atoms
are of the same type in both, the phase difference is
2k(R,—R,), where R, and R are the distances to
the neighboring coordination shells in the sample and
the standard, respectively. A plot of the phase differ-
ence versus k yields”'!! a straight line of slope
2(R,—R}). Similarly, by plotting the logarithm of
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TABLE I. EXAFS and x-ray diffraction results for ErPrSb alloys. Results in columns a and b are obtained from EXAFS
measurements using ErSb as the standard. Values in column c are obtained from x-ray diffraction measurements. Pr-Sb inter-
atomic distances in column d are calculated from results in columns b and c. Values in column e are obtained by using results

from column d and those from Ref. 15.

a b c d e

NiR}
Sample n——= R (Er-Sb) ao/2 R (Pr-Sb) CEF

N2R1 o o o

(A) (A) (A) (MeV)

ErSb 3.054 +0.001
Erg9sPr0 0sSb —0.128 3.054 £0.007 3.063 +0.002 3.240.1 7.8
Erg.9Pro 10Sb ~0.062 3.054 +0.007 3.071 £0.001 3.22 £0.04 8.0
PrSb 3.185 3.185 8.5

the ratio of the amplitudes versus k2 a straight line of
slope equal to twice the difference between o and
the intercept of In(N;R%/N,R{) at k =0 is ob-
tained.” 1!

The final results are summarized in Table I. The
results shown in columns a and b were obtained from
the EXAFS measurements by using ErSb as the
standard. The lattice constants in column ¢ were ob-
tained from x-ray diffraction measurements. The
values of R (Pr-Sb) —the Pr-Sb interatomic
distance—in column d were obtained by using the re-
lation

R (Br,Pr;Sb) = xR (Er-Sb) + (1 —x)R (Pr-Sb) ,

(arbitrary units)

transform magnitude

radial distance (f\)

FIG. 2. The magnitude of the Fourier transform of
k2x(k) over the range 4.2 A~ <k <10.7 A~! plotted on
the same scales for (a) ErSb, (b) ErggsPrg ¢sSb, (c)
Erg.90Pro.105b. The dotted line in (a) indicates the windows
in T space used to isolate and backtransform the first peak
into k space.

where R (Er,Pr;-,Sb) is the mean interatomic dis-
tance in the solid solution Er,Pr;_,Sb as measured

by x-ray diffraction and R (Er-Sb) is the Er-Sb intera-
tomic distance as observed by EXAFS measurements
on the L;Er edge in the same Er,Pr;_,Sb solid solu-
tion.

IV. DISCUSSION

According to the PC theory,! the fourth-order crys-
talline field parameter in a cubic crystal-field potential
is predicted to follow a Ze?R ~° behavior, where R is
the distance of the coordinating charges Ze from the
magnetic ion, traditionally assumed to be the host-
lattice constant. However, when using this approxi-
mation the value of b4 for Gd in LaSb is expected to
be larger than that in YSb, which is in conspicuous
disagreement with the experiment.? Similar incon-
sistency has been reported for the pairs LaBi-YBi and
LaAs-YAs by Urbant et al.,'* who note a general ten-
dency of increasing b4 Vs a,.

Our EXAFS analysis together with the x-ray dif-
fraction shows without any doubt that there is a con-
siderable lattice distortion around the probe ion, as
clearly demonstrated by Fig. 3 and Table I. In partic-
ular, the Er-Sb and Pr-Sb distances in the x =0.90 al-
loy are significantly different from the value deter-
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FIG. 3. Interactomic distances vs composition for (a) Pr-
Sb, using results from Table I, and (b) Er-Sb, obtained from

EXAFS results; (c) shows half-average lattice constant
values determined by x-ray diffraction as a function of com-
position.
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mined from the average lattice constant, i.e., ao/2.
Our results indicate that the Pr-Sb interatomic dis-
tance in Er,Pr;_,Sb compounds is nearly the same as
in the pure Pr-Sb compound rather than the value
calculated from ErSb lattice constants. This rules out
any justification for the standard assumption. In
view of the extreme sensitivity of the PC theory to
the distance R, this distortion must be taken into ac-
count. In fact Kiss? has predicted a 7% contraction
from the lattice constant of the cubic host CaF,,
SrF,, and BaF; if the observed cubic crystal-field
splitting were to be fitted to the R~ rule. The fact
that the field resonance for both systems YSb:Er and
LaSb:Er as observed by ESR measurements? are the
same is consistent with our results.

The fact that the local neighborhood around the Pr
impurity is approximately independent of the concen-
tration of the impurity and is essentially the same as
in pure PrSb is not an isolated result. This is a rather
general phenomenon as exemplified by Vegard’s law,
which states

d,,,=xd5+(1—x)dA , (2)

where d,, is the mean atomic distance in the solid
solution composed of components 4 and B, having
interatomic distances d,, and dg, and x is the fraction
of B atoms present in the solution. Experimentally,
dg and d4 are constants independent of x for many
classes of solid solutions.

The most powerful spectroscopic tool for determin-
ing the CEF parameter b4 for rare-earth metallic
compounds is the inelastice neutron scattering tech-

nique,'* !’ where the magnetic dipole transitions

between the CEF levels are probed. The complica-
tions introduced by the lattice deformation in the
presence of impurities was avoided by using this
technique to measure the CEF parameters in the
rare-earth monomphosphides RP(R =Ce, Pr, Nd,
Sm, Tb, Ho, Er, Tm, Yb)."S Using these results to-
gether with the Pr-Sb distances presented in Table I,
the values of the fourth-order crystal-field parameter
in the Er,Pri_,Sb (x =1, 0.95, 0.90) were predicted
(Table I).

In conclusion, we have shown that the usual as-
sumption in evaluating the nearest-neighbor distances
around magnetic impurity probes, namely, that it is
the same as in the host, is incorrect in the case of Pr
impurities in ErSb. In fact we find that the Pr-Sb dis-
tance for the impurity is essentially the same as in
pure PrSb. This result is as generally applicable as
Vegard’s law. In fact, a measurement of the mean
lattice constant by x-ray diffraction as a function of
composition can be used to determine the correct im-
purity nearest-neighbor distance. If Vegard’s law is
approximately satisfied, then the distance is approxi-
mately the same as in the pure material of the impur-
ity obtained by extrapolating to 100% of the impurity.
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