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Resonant and nonresonant x-ray scattering, combined with x-ray absorption data, are presentgdson Yb
The nonresonant data allow a detailed determination of the low-temperature crystal structure and its evolution
as a function of temperature. Bond-valence-sum calculations are performed and compared with theoretical
predictions. Using the structural knowledge, the energy dependence, near theedid, of particular x-ray
reflections are calculated and compared with experiment, and the temperature dependence of the charge order
is extracted. A united picture of the temperature-dependent crystal structure and charge orderiggsin Yb
emerges and is compared with theory.
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[. INTRODUCTION mediate Yb valence of 2.25. Theoretical calculations based
on a single-hole band model predia slightly smaller Yb
Electronic charge localization, leading to metal-insulatorvalence of 2.17, which are both in agreement with the results
(MI) phase transitions, has attracted great interest, particdrom Mdssbauer spectroscdpgf 2.20+0.05. Charge order
larly in perovskites. It is associated with the disappearance dfelow 290 K was first inferred from susceptibility
superconductivity in La,Sr,CuQ, at particular Sr concen- measurementsby Mdssbauer experimeftand perturbed
trations where charge stripes are forrdethd colossal mag- angular correlation measuremebtsnd finally confirmed by
netoresistance in the manganates occurs in connection wigplarized neutron-scattering experimetits.
such a transitioR Although generally associated with transi- ~ The polarized neutron-scattering experiments detected
tion metal oxides, charge localization also occurs in othefmagnetic moments associated with the*Yions (Yb?*, with
materials® A particularly interesting case is ¥As,;, where @ closedf shell, does not carry a magnetic mometicated
charge localization leads to a first-order charge-ordePn the body diagonal of the cubeThis study found unequal
transitiort at Tco=290 K. The resistivity abov@co shows magnetic-field-induced moments at the two Yb sites, demon-
metallic behavior, exhibits a large discontinuity Bio and strating that the charge ordering is incomplete even at very
increases with decreasing temperature below this temperid temperatures. These moments were found to form a one-
ture. It then exhibits a maximum near 150 K, before decreas_|menS|onaI chain, and inelastic neutron-scattering results

ing again at still lower temperaturésThese effects have iﬁgggﬁ)isutﬁﬁ one dimensionality of the magnetic

been a_sc_ribed to a temperature-dependent overlap in the nar- Theoretical descriptioA&7 based on the band Jahn-
row pnictide p-valencg band%.On_ the other hgnd, a SoNg gy effect describe the electronic properties of,X&; and
enhancement of the linear term in the specific heat alél a o ict the temperature dependence of the charge-order pa-
dependence in the low-temperature resistivity point to thgsmeter. Recently, resonant x-ray scattering experiments
occurrence of a Kondo effect. However, the very low carrier,gre performed®9that more directly confirmed the charge
density in YbAss, 0.1% holes per formula unftindicates a ordering and determined the charge-order parameter. The lat-
different origin for these phenomena, because the charge cag; deviates significantly from the theoretical description and
riers are required to screen the localizEdstates for the appears to be inconsistent with the temperature-dependent
Kondo effect. . crystal structure. In view of these disagreements, it is impor-
Charge-ordering leads to a structural phase transition ipynt to compare the temperature dependence of the charge
Yb,As; from cubic (143d) at room temperature to trigonal order with that of the crystal structure and with theoretical
R3c symmetry belowTo and to two different Yb sites, oc- models.
cupied by the YB* and YIB* ions, respectively. In the past, A review of the magnetic and electronic properties of
this structural phase transition and the associatedYb,As; can be found in Ref. 20. It is particularly interesting
temperature-dependent rhombohedral distortion from the cuithat this material is a good representative of a one-
bic phase have been describauiterms of a cubic distortion dimensional Heisenberg chain, for which the application of
angle 90+. At room temperature, simple chemical consid- an external magnetic field opens a gap in the magnetic exci-
erations assuming Asfor an ionic material lead to an inter- tation spectruni’ The gap opening has been described in
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several theoretical studié%;?”some of which emphasize the
particular local symmetry of the ¥b ions along the chain.
Again, a detailed knowledge of the structural parameters,
as well as the degree of charge ordering, is important for
understanding the magnetic properties. In this work, we
present a detailed investigation of s, performed with
high-resolution powder diffraction, x-ray absorption spec-
troscopy on a powder sample, and resonant scattering ol
both a crystal and on polycrystalline material. Using high-
resolution x-ray powder diffraction, the temperature depen-
dence of the interatomic positions has been obtained. Thes
have been used to calculate bond lengths and bond valenc
sums, from which a temperature dependence of the charg
ordering is obtained. These results are compared with reso
nant x-ray scattering data, which can more directly determine
the charge-order parameter, and with theory. The precis¢
structural data obtained from this study and the x-ray absorp:
tion results have also been used to model the energy deper
dence of the resonant x-ray scattering data and to elucidat
the strengths and limitations of the resonant x-ray scatterinc >
technique. A small amount of preliminary data has been pub-z =
lished in Ref. 13. %

Il. EXPERIMENT FIG. 1. (Color onling Crystal structure of YRAs; in the trigo-

Single crystals were prepared as in Ref. 4. Resonant ar{bal R3c phase(rhombohedral settingsThe Yb ions are connected

nonresonant x-ray powder diffraction experiments were perEO visualize the four different chains.

formed at BM16, at the ESRF, GrenollE). For the non-
resonant diffraction experiments, the sample was filled in ane free coordinat&, and the As at 1@), with no free co-
300 um capillary, whereas for the resonant diffraction ex-ordinates. From our powder diffraction pattern taken at
periment, flat plate geometry was used. In both cases, a H800 K, we determine the lattice constant to e
flow cryostat reached temperatures between 4.2 and 300 K8.791 423) A, and we obtainx=0.06821). The Yb ions
and a Ge-crystal analyzer crystal yielded high resolutioncan be thought of as lying on 1d-chains, running parallel to
The nonresonant diffraction patterns were obtained with ahe four body diagonals.
photon energy of 34 972(3) eV (A=0.354 52 A, calibrated Below 290 K, the charge-ordering transitiofo, the
using Si powder. The high energy was chosen to matcistructure becomes trigon&3c, with two inequivalent sites,
sample transmission and capillary diameter. The resonantb(1l): 6(a) with one free coordinate and YH2): 18(b) with
diffraction patterns were collected from 8900 to 9000 eV,three free coordinates y, andz. The As has a single posi-
around the Yb L edge(8944 e\}. tion 18b), with three free coordinates y, andz. Here we
The x-ray absorption experiment was performed at BM1used hexagondH,,) settings as in most parts of the manu-
at the ESRF. For this purpose, a small piece of crystal wascript. Figure 1 however, is in cubichombohedral(Rh)]
ground in an inert atmosphere and mounted in a multifuncsettings. Note that thgL11](Rh) corresponds t¢001](Hg,).
tional “Lytle” detector?® allowing simultaneous measure- The Yb chains are now also of two types: one “short” chain
ments of x-ray transmission, fluorescence, and electron yieldYb(1)] (which goes through the center of the rhombohedron
These experiments were performed at room temperature. in Fig. 1), and three “long” chaingYb(2)]. The holes are
The resonant scattering experiments on a single crystal giredominantly localized at (). Values of the temperature-
Yb,As; were performed at beamline BM28 at the ESRF. Fordependent structural parameters, refined withribe PROF
these experiment&l11)-facets(cubic phasgwere cut on a code® are listed in Table I. A refinement to the diffraction
single crystal,~5x5x5 mn?, and a uniaxial stress was pattern taken af=180 K is shown in Fig. 2.
applied along111] using a steel clamp, to obtain a single- The temperature dependence of tfexagonal lattice
domain sample in the charge-ordered phase. The clampeatbnstants are shown in Fig. 3. Whereas at low temperatures,
sample was mounted in a closed-cycle refrigerator, and theboth a andc increase continuously with increasing tempera-
mal contact was achieved with Cu grease. A [4B0) crys-  ture, above 250 K, the lattice constamturns over and de-
tal reflection was used to analyze the polarization of the scatereases again, whieincreases more steeply. The result is an
tered radiation, in order to distinguish between the scatteringpproximately linear increase of the unit cell volume from
from the o— o and from theo— 7 chanel. 50 to 280 K(see Fig. 4 The temperature dependence of the
lattice constants have been investigated previSuslythe
- rhombohedral setting, wita=b=c=a(Rh) and a distorted-
In cubic symmetry 18d, there is one distinct Yb and one cube angle 0f90+«a). The rhombohedral and hexagonal lat-
distinct As site?® The Yb site is at the position 16, with  tice constants are related by

A. Crystal structure: Nonresonant powder diffraction
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TABLE I. Refined structural parameters at different temperatures @A¥pin the R3c symmetry(hexagonal settingsand reliability
indices obtained from Rietfeld refinements of the diffraction patterngl)Ybhas been fixed to its “cubic” value. Because thealues for
all ions are free parameters, this choice defines the zero point afdkis.

20K 50 K 120 K 150 K 200 K 220 K 240 K 260 K 280 K
aA) 12.483 363) 12.485 73) 12.49557(3) 12.501 503) 12.506 913) 12.511 223) 12.513 0%4) 12.513 644) 12.511 274)
c(A) 7.48336(2) 7.484592) 7.4898(2) 7.49326(2) 7.497 83(3) 7.502 05(3) 7.50587(3) 7.51095(3) 7.518 98(3)
Yb(1) z 0.405 85 0.405 85 0.405 85 0.405 85 0.405 85 0.405 85 0.405 85 0.405 85 0.405 85
Yb(1) B(A%) 0.22(3) 0.30(2) 0.47(2) 0.58(3) 0.57(3) 0.59(3) 0.61(3) 0.66(3) 0.71(3)
Yb(2) x 0.214 13(7) 0.214066) 0.214 05(7) 0.214 10(7) 0.214 04(7) 0.21397(7) 0.213 86(8) 0.213 76(8) 0.213 79(8)
Yb(2) y 0.924 40(6) 0.924 256) 0.924 23(6) 0.924 23(7) 0.924 19(6) 0.924 18(6) 0.924 06(7) 0.924 08(3) 0.924 1(7)
Yb(2) z 0.0563(3) 0.0568(2) 0.056G3) 0.0568(3) 0.0569(3) 0.0571(3) 0.0569(3) 0.0569(3) 0.0573(3)
Yb(2) B(A%) 0.27(2) 0.35(1) 0.48(2) 0.62(4) 0.60(2) 0.64(2) 0.71(2) 0.75(2) 0.81(2)
As x 0.9605(2) 0.9606(2) 0.9607(2) 0.9606(2) 0.9605(2) 0.9604(2) 0.9605(2) 0.9604(3) 0.9608(3)
Asy 0.7986(2) 0.7988(2) 0.7989(2) 0.7985(3) 0.7987(2) 0.7985(2) 0.7985(3) 0.7982(3) 0.7982(3)
Asz 0.1850(3) 0.1856(3) 0.1849(3) 0.1855(3) 0.1855(3) 0.1857(3) 0.1855(3) 0.1855(3) 0.1855(4)
As B(A?) 0.42(4) 0.44(3) 0.52(3) 0.70(4) 0.66 (4) 0.69 (4) 0.70(4) 0.77 (4) 0.87(4)
X 2.33 2.02 2.07 1.98 2.58 3.32 3.08 3.31 3.26
Rup % 12.3 111 11.6 11.7 11.2 10.8 11.2 11.2 11.5
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FIG. 2. Powder diffraction patter(points for Yb,As; taken at T (K)

T=180 K with refined fit(curve through the daaresidualglower

curve and backgrounddashed curveseparated in two angular

FIG. 3. Temperature dependence of the lattice constafitsp)

ranges. The inset shows an enlargement of the quartet investigatedid ¢ (middle) and cell volume(bottom) (hexagonal settingof
by resonant x-ray powder diffraction.

Yb,As;.
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) FIG. 6. The Yi§1)-As bond distances as a function of tempera-
(2_C> 3 ture. The lines are to guide the eye.
2

c\2 six As neighbors to Yi) form two identical triangles
E) +3 around the[111](Rh) axis, which at 20 K are rotated with
respect to one another by 38.66°. Thitemperature-
However, the individual atomic coordinates have not previ-dependentrotation is an important structural characteristic
ously been published, with the exception of a shortwhich significantly affects the one-dimensional magnetic
communicatio®® with our preliminary data fof=200 K. It ~ properties of the materidf. It introduces a “phase shift” in
should be noted that the distortion angte which is often  the local bonding structure along the chain, which in turn is
used to relate structure and charge-ordering, neglects the imesponsible, in an applied field, for the opening of a gap in
portant ionic displacementsithin the unit cell. the magnetic excitation spectriih.

The local geometry of the short, ¥B chain is shown in The temperature dependencies of the two inequivalent
Fig. 5. There is a threefold symmetry along thig1]J(Rh)  Yb(1)-As bond lengths are shown in Fig. 6. There are six
direction, but no longer along the three other former bodyinequivalent Y2)-As bond lengths, which again fall
diagonals, reflecting the absence of(2bsite symmetry. The (roughly) into two triplets of uniform size: the shorter ¥3)—
As(1-3) bonds and the longer YB)-As(4—6) bonds. The
individual temperature dependencies are shown in Fig. 7.
The average bond length of each(2p-As—triplet is longer
by 0.09 A than the corresponding ¥lb—As—triplet, indicat-
ing different ionic radii and hence different valence states for
the Yh(1) and YK2) ions. The temperature dependencies of
these bond lengths provide valuable information on the vary-
ing Yb valences. Aside from a slight increase in the bond
distances due to thermal expansion, little change is seen in
the shorter Y2)-As(1-3 distances. With increasing tem-
perature above 240 K, the longer (Zh-As(4—6) distances
tend to approach a single value, suddenly accomplishing this
in the cubic phase abovEk-.

Sina = (

Ill. X-RAY ABSORPTION

Room temperature x-ray absorption near-edge structure
(XANES) data for YhAs; are shown in the upper panel of
Fig. 8, for the three types of measurement: fluorescence,

FIG. 5. Local crystal structure of the ¥bions along the short transmission, and total electron yield, and the central panel
chain, showing the various Yb—As distances. shows a reference transmission measurement gOY Al
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FIG. 7. (Color onlin® The Yh(2)-As bond distances as a func- _ YbyAss
tion of temperature. The lines are to guide the eye. <10+ r
1 L3-edge
=
I A
three YhAs; curves exhibit a two-peak structure, with T os+ i
maxima located at-8941 and 8948 eV, corresponding to g
dipole transitions from occupiedp2 to empty Si-states for
divalent and trivalent Yb, respectivel}3?The 7 eV separa- 0.0 1

tion is comparqble to that seen with other dlyalent and trlya— 9010 8920 8930 8940 8950 8960 8970

lent rare-earth iond® Note that the electron-yield data devi- photon energy (€V)

ates from the other two techniques—a result of the high

surface sensitivity of this technique and the likely presence FIG. 8. (Color onling Top: x-ray absorption near-edge structure

of an oxidized layer with predominantly trivalent Yb. For the (XANES) at the Ybts-edge of YhAss, taken with different detec-

guantitative arguments below, the transmission data are usetihn modes(l,: total electron yield,ls: fluorescence yield, ant
Following common proceduréd, the XANES spectra transmissiopat room temperature. Middle: XANES of the trivalent

were fitted using the sum of a Lorentzian and a step-"k@tandard YBO3. Bottom: Fit of the decomposition into a divalent

arctan function for each ionic contribution, ¥band YB** and trivalent contributior{dotted curves Broken lines reflect the

(lower panel in Fig. 8 In order to reduce the number of arctan function.

fitting parameters, the ratios of the Lorentzian and arctan

amplitudes and widths were the same for both ions, and the IV. RESONANT POWDER DIFFRACTION

energy separations of the Lorentzian and arctan functions

were fixed to be equal. Finally, a convolution of the fit func-

tion with a Gaussian instrumental resolution function

(FWHM: 2 eV) was included. The resulting Lorentzian

width of the YI¥* and YB* ions, 9 eV, is significantly larger

than the core-hole lifetime broadenify3.9 eV. The addi- Frg= 2 fjelQRjé(Q — ) (1)

j

During the resonant powder diffraction experiments, full
spectra were collected as a function of photon energy across
the Yb Ls-absorpion edge. The structure factor for a charge
reflection can be written as

tional broadening could be an intrinsic effect, arising from

hybridization in the metallic state, or simply due to distorted

peak shapes caused by sample inhomogenities. The averagereQ is the x-ray momentum transfes is the recipro-

Yb valence is given by the integrated Lorentzian intensitiescal lattice vector with Miller indice$,k, I, R; is the position
v=IAl(In+1g)+2, resulting in 2.1B) electrons, atT  of ion j in the unit cell, andf; is the corresponding atomic
=295 K. Note that the x-ray absorption process probes th&cattering factor. The scattering factor can in turn be decom-
timescale of the core hole life time broadeniig.9 ev ~ Posed as follows:

~101%s) compared to the fluctuation time of the individual . _<0 , e

ion valenceg~10713s), which is responsible for the obser- HQE=TQ+ (B +ifi(E), @
vation of two absorption maxima and not a single resonancwheref?(Q) is the x-ray atomic form factor, antj (E) and

at an intermediate energy. f]f’(E) are the real and imaginary parts of the anomalous cor-

075115-5



STAUB et al. PHYSICAL REVIEW B 71, 075115(2005

—_
[\
—_
[e2]

+ 11311(122) I(113)/1(410)

—_ —
o —
T '

=]
o
J h '

integrated X-ray intensities
integrated X-ray intensities

FIG. 9. Energy dependence of the ratios of
integrated intensities of x-ray reflections taken
with resonant powder diffraction 8t=200 K.

S
%

(13)1312)  +

1.2+ { I(113)/1(321) ¢

e

} t t t } t f } 0.8
8900 8920 8940 8960 8980 9000/8900 8920 8940 8960 8980 9000

integrated X-ray intensities

\
t
integrated X-ray intensities

photon energy (eV) photon energy (eV)
rection factor. The quantmea%’(E) and f”(E) contain the To describe the energy dependence of these ratios, first we
same physical information about the resonant ion, being reextracted thef”(E), which are proportional to the respective
lated to one another by the Kramers-Kronig relation: absorption coefficients, from the individual ¥band YB*
contributions to the XANES datidrig. 8). With the use of the
= $(E) Kramers-Kronig transformation (using the program
(E) == —l,—dEf DIFFKK?), we obtained the real part of the scattering factor
77 - E f'(E) for Yb?* and YB*. These were used, together with the

refined crystal structure data, as input to the program.-
In this work, we take‘ (E) andf”(E) to be scalar quantities. PROFto calculate the energy dependence of the diffraction
Because of the ionic character of the Yb ions, the contribupattern. However, these calculations did not reproduce the
tion from the asphericity is expected to be weak compared t@bserved intensity ratios: the observed anomalies exceed
“pure” charge-ordering effects, which will affect even the those calculated by a factor of approximately two. We at-
strongest charge reflections. This is in contrast to the transifibute this discrepancy to the large Lorentzian linewidth
tion metal oxides, where the 3d-electrons participate in bondfound in the absorption data, which we discussed earlier.
ing, leading to strong overlap of orbitals and to large signals In order to interpret the resonant powder data, we there-
due to asphericit§?-3° Furthermore, the powder diffraction fore used the approach of calculatiffE) from first prin-
experiment involves an average over all azimuthal orientaciples, using th&erF7code?!42To simulate the one electron
tions. A reliable description of the energy-dependent chargdifference between the 3+ and 2+ oxidation states, we per-
reflections therefore requires accurate knowledge of the redbrmed calculations for Yb and Lu, each with the corre-
and imaginary parts of the Yb-scattering factors and of thesponding set of six nearest As neighbors. The obtaffiés)
correction due to absorption of the incoming and outgoingwere then rescaled in energy to obtain the 7 eV difference
rays. It is generally true that the absorption correction forbetween the two Y& and YB* absorption edges, as experi-
strongly absorbing polycrystalline samples is rather difficultmentally observed. Here the tabulated form factors of As and
to determine. Yb3* and YI¥* were used for YHL) and Y(2), respectively.

For the particular charge-ordering scheme of X%, the  The resultingf”(E) [and f’(E) from the Kramers-Kronig re-
contributions to the total scattering of the ¥k{1) and YI?*  lation] are shown in Fig. 10 and were again used to calculate
(2) sites differ significantly for different strong charge reflec- the energy-dependent intensity ratios for the different reflec-
tions. Moreover, the strong cubic reflections are split intotions. These calculations provide a good description of the
pairs or quartets in the rhombohedral symméinget of Fig.  observations, with the exception of an energy-independent
2). These splittings allow us to bypass the large absorptiomffset. This offset, which is about 10%, is likely due to de-
correction by considering only ratios of pairs or quartets ofviations of tabulated form factofsfrom the actual values
reflections, which are very closely spaced i At the same and to remaining inaccuracies of the structural model. Prox-
time, this procedure automatically corrects for the detectoimity to an absorption edge not only affects the intensities of
efficiency. The energy dependence of selected ratios of reeflections, it also influences the scattering line widths. The
flections taken aT =100 K are shown in Fig. 9. The reflec- dependence of the linewidth dfi(E) has been demonstrated
tions (131 and(122) correspond to a particularly strong pair; for a multilayer reflection in the soft x-ray regimé This
the other reflections shown arise from a quartet at higlfler 2 effect arises from the fact that the momentum trankfef
values. The integrated intensities were obtained by fitting thehe x-ray is no longer a real quantity=q+i[ w(E)/sin(6)],
reflections to Voigt functions. A clear resonance is observegn which the delta function of the Bragg condition in recip-
for the ratios(131)/(122), (113)/(410, and(113/(312), but  rocal space is replaced by a Lorentzian with a linewidth of
the ratio(113)/(321) shows little or no energy dependence. I'=2u(E)/sin(6). Therefore, the broadening reflects the lim-
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ited number of crystal planes sampled by the incoming energy (eV)

x-rays, due to the energy-dependent absorption length. For a

sufficiently well-crystallized sample and negligible instru-  FIG. 12. (Color onling Energy dependence of the superlattice

mental resolution, we expe€t(E) «f”(E). Figure 11 shows reflection(330) from the strained single crystal of YAss;, taken in

the full width at half maximum(FWHM), averaged for the the (co) polarization channel at different temperatuésp): Here,

(113, (410, (321), and(312) reflections, compared with the the lines are guides to the eye. Energy dependence of35@

scaled absorption data from the transmission measuremeﬁ?.ﬂecnon at 150 K, compared with a calculation based on the struc-

The agreement is reasonable, and it demonstrates the impé?'-ral information obtained from the high-resolution powder diffrac-
ition and from the difference of the scattering factors

tance of considering integrated intensities along all three di-
9 9 g (f4-fp)?, wherea andb stands for YB* and YB**, respectively.

0.029 4————————f————————t————
1 & § ] mensions in reciprocal space when performing energy-
0,028 I | 1 dependent x-ray diffraction on well-crystallized materials.
% ot ] V. RESONANT SCATTERING ON A SINGLE
Ei i CRYSTAL
50.026 1 : 1 The energy dependence of the integratg80) reflection
= L] I ] is presented for different temperatures in Fig. 12. These data
0,025 4 e« T (FWHM) | were collected using an analyzer crystal for polarization se-
T ! f —u(E) lectivity, and they correspond to unrotated light in the
r ] channel. No intensity could be detected in &e channel, in
0.024 4———r——— agreement with an isotropic charge distribution of the unoc-
8900 8920 8940 8960 8980 9000 cupied states. The data show that at the maximum at

photon energy (V) 8941 eV, there is almost no temperature dependence be-
tween 12 and 150 K. The temperature dependence at lower

lar reflections(131), (122, (410), (321), and (312)] at T=200 K, energies, e.g., pff—resonance at 8900 eV, is significantly
compared with the rescaled XANES ddja(E)] taken in fluores- |a/ger. In a previous study, the energy dependence of this

cence mode. reflection [note that cubic notation was use@® 03)] was

FIG. 11. Energy dependence of the average linewidth of particu
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43 : } f :f f If } VI. DISCUSSION
424 (330) Hﬁ}ﬁ T An accurate description of the magnetic properties of
E a1k H '}%} } m% f 1 Yb,As; requires good knowledge of thd dvave functions,
g i H H}H ﬁ % which in turn are determined by the crystal-electric-field
a0t H Hﬁ % { % {?} T (CEP interaction. The normal procedure to determine such
i; 39+ %} 'H. 1 wave functions is to begin with experimental inelastic neu-
45k Jﬁ i tron scattering data and to construct a consisterftldvel
- ; splitting scheme. However, approximations have to be used,
3-7‘2‘%;# T since the number of neutron observations is rather limited
36 F Ty N and the number of independent parameters is large, due to

50 100 150 200 250 300

TK) the low point symmetry(C;) of the magnetic YB" ions on

site YO(1). Model calculation® have been performed for the
FIG. 13. Temperature dependence of the integrated intensity ol?lgher symmetry @,._ BUt such an _ap_prOX|mat|on IS INappro-
the (330) reflection of YhAs,, on- and off-resonance, taken with priate, due to the significant deviation of the local structure

the strained crystal witido) polarization. from GC;,. Anothgr studsp simp!y neglects a higher-orde_r
parameter, but this leads to an important orientation ambigu-

ity. A promising approach would be to use very accurate
described to be simply proportional tb-f,)2, with f, andf, structural information to calculate the CEF parameters in a

corresponding to the scattering factors of theYand YiB* point-charge model, as has been successfully tofe

ions, respectively. Effects of ionic movement within the unith'gh:rC superconduciors. Thls_calcul_at|on, on BBa;0;_;,
demonstrates the accuracy with which the structural param-

Ir'€3ters must be known: changes much smaller than those oc-
at hgnd, we can galculate Fhe energy dependence. of this r'(?EJrring at the tetragonal-orthorhombic MI transition in
flect_|on without this approximation, with the result mgluded RBa,CwO,_; significantly affect the CEF states. The de-
in Fig. 12. The data have been corrected for absorption. Thgyjleq |ow-temperature structural information provided by
qualitative agreement confirms that the intensity at resonanGgis work could form the basis of such an analysis.
is still dominated by the differencé;-fp,, as previously as- We now turn to the relationship in YBs; between the
sumed. Note that there is no energy dependence if the scadrystal structure and charge order. The charge order is de-
tering factors at the two sites are equaharge disorder  fined as the quantum mechanical expectation value, averaged
However, off resonance, the observed intensity is signifiover time and equivalent crystallographic sites, to find a
cantly larger than predicted. The reason may be the same g#ven charge at the Yb ion. The electron, when there, is in a
for the off-resonance powder data, but the shape of the resevell localizedf state. As we have shown, taking the charge-
nance is also different: the energy-dependent calculationrder parameter to be the differenigefy, the resonant inten-
shows a peak that is less sharp and more symmetric thesity of the (330-reflection is proportional to the order-
observed. These deviations are likely caused by inaccuragarameter squared. However, such an approximation may not
first-principle calculations of the energy-dependent scatteringpe a priori correct. In particular, for transition metal ions it
factors; the calculations may overestimate the width of thehas been argued that the resonant signal reflects a bond
white-line features in the imaginary parts of the scatteringength change and not directly the orbital orderfAtf°
factors. A correction would lead to a narrower peak in theThese effects are also clearly visible in linear x-ray absorp-
energy dependence and to an increased ratio between the dion experiments at th& edge of transition metal ions. For
and off-resonance intensities, as observed in the resona#f-electron materials, however, it is well known that differ-
powder experimentsee Fig. 9. However, it may also be ent bond lengths and different species of anions in general
affected by the inaccuracy of the structural model, whichhave a smaller effect on the lanthanideedged® compared
leads to much larger deviations for weak reflections than foto the large chemical shiffb of 7 eV). Resonant inelastic
the very strong ones. X-ray scattering experiments did not see any shift of the ex-
To highlight the differences in the temperature- citations energies under high pressure, even though the va-
dependencies on- and off-resonance, temperature-dependégnce is changed and the lattice contractions is of order of
integrated intensities were collected at 8942 and 8900 eV10% (e.g., Dalleraet al®?). It is known that under applied
Figure 13 shows the temperature-dependent ratio betweegressure, which causes a much largd%) local distortion
the resonant and nonresonant integrated intensities. First tilean the 0.02 A(<1%) changes we see in YAss, only
ratio increases with increasing temperature before turningery small changes are observed in the XANEBe Ref.
over near 180 K and decreasing again above 220 K. Thi83). Another possibility to obtain the influence of bond dis-
temperature dependence is reminiscent of that of both thi&nce changes on the anomalous scattering factors is the use
pseudocubic distortion angle (Fig. 4 and the resistivity, of first principle calculations. Here we use trerré!*?code
and it reflects either the charge order more directly or thdo calculate the changes due to the bond distancé%(& of
interatomic adjustments. One should note the possibility, athe two Yb ions at 20 and 285 Ksee Fig. 15 The
has been previously propos&tthat there existlifferentor-  temperature-dependent differences for both sites are less than
der parameters for the charge ordering and for the crystallot% compared with the very large change of more than a
graphic distortions. factor of 2 induced by the 7 eV chemical shift. This further
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3.00 + f f f } } } f
5 1 250+ L
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FIG. 14. (Color onling Charge-order parameter obtained from:
the bond-valence-sums of ¥B and YH?2) (triangles, the resonant
X-ray scattering intensitycircles, the bond angle deviation from
cubic « and the models of FuldéRefs. 15 and 54

8930 8935 8940 8945 8950 8955 8960 8965 8970
energy (eV)

FIG. 15. (Color online Calculated imaginary parts of the scat-
tering factors considering only the influence of the bond valence
supports the conclusion that although the bond distancehanges using FEFF8!, and 'y reflect the scattering factors of
changes indeed contribute to the change in scattering factorie 2+ and 3+ of the Yb site A and B states, respectively, figg
and consequently in the resonant intensities, the contributioof the local structure of the Yb B site but with a 3+ state. The inset
is expected to be neglible. shows the differences of the imaginary part of the scattering factors

For these reasons, it can be concluded that the resonaifitan enlarged scale showing that the effects due to changes of the
signal is a reasonable measure of the charge-order paramet@gal structure are insignificant.
represented here biy-f,. We have shown that the tempera-
ture dependence of this parameter neither follows the theo- _ . o
retical predictioR® nor does it simply scale with the distor- Was also predicted in Ref. 17. The similarity between the
tion anglea, of the strucutré® Figures 6 and 7 show that the results from the BVS with those of the distortion anglend
temperature dependence of the bond lengths is weak belofat the differences between the charge order parameter ob-
Tco compared to the jump seen at the transition, thereforéained from resonant scattering and that from the BVS is not
the expected valence change is weak as well. A conveniefikely due to atomic displacements within the unit cell. Both
way to correlate the bond-length changes with the valencéeoretical models clearly overestimate the temperature-

changes is to calculate the “bond valence suBY/S), de- dependent changes. Note that the model of Loféigdbased
fined as on calculations for a very similar charge-order material,

EwAs;. As noted previously, the differences seen between
VEDS exd(R; - d;)/bl, Fhe structgral .order and the charge order may either be_ due to
i inaccuracies in the structural parameters or to the existence
of separate order parameters.
with b=0.37 as the general parametgy, as the bond length Very recently, by comparison with Sji;,°® a different
between théth andjth ion andd; =2.59 A°2%3the parameter charge ordering scheme for Y&s; has been proposé.
for the Yb—As bond, which gives the correct Ybvalences The scenario has been put forward that thé2Y s always in
for Yb in YbAs. To correct for thermal expansion, we rescaleits divalent state belowW g and the holes are grabbed from
the bond lengths with the cube root of the temperaturethe As bands. This scenario would explain some of the dis-
dependent cell volume. The obtained low temperatures valuerepancies we have in the energy dependent calculation of
for Yb(1) and YK2) are 2.27 and 1.81, respectively, which the reflections. Moreover, it would not give any temperature
deviate significantly from the expected 3+ and 2+ valuesdependence of the BVS calculations for (b Indeed, a
Finally, the temperature-dependent valence is obtained bsnuch weaker dependence is observed fof2ytthan ex-
scaling the corresponding BVS by the expected valenc@ected from the change in valence of 0.25 compared with
changes of 3-2.25=0.7%6 and 2.25-2=0.25e, for the that of 0.75 expected for Yt). However, from the observed
Yb(1) and YK2), respectively, between ambient and 20 K. temperature dependence there is also a temperature depen-
The order parameters thus obtained are compared to thience of the BVS for Y{2), indicating that the system is
those from the resonant x-ray scattering measurefhant  best described by an intermediate scenario, in which some
from theoretical models in Fig. 14. The order parameter frormholes are acquired from the As bands and some are trans-
the BVS of YK2) is expected to be much more precise thanferred from the YI2) to the Yl(1) site. This scenario would
for Yb(1), since the change in valence of {p from the also be in good agreement with the valence of 2.19+ ob-
cubic phase to low temperature is 0.&5compared to only tained from our XANES data, as this would indicate that
0.25e for Yb(2). Both have a temperature dependence venbelow T, the YH(2) valence would approach ¥bbefore
similar to that of the anglex which lies between them and Yb(1) can reach its trivalent state.
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VIl. CONCLUSION tionally the Y1) are acquiring holes from the As bands. We
have demonstrated that a rather direct determination of the
Our resonant and nonresonant x-ray diffraction study hagharge order can also be obtained from resonant powder dif-
provided detailed parameters for the low-temperature struGraction. Moreover, we have found that the line width is en-
ture of YthASg QOur pOWder diffraction data demonstrate thatergy dependent at the absorption edge, reﬂecting a Strong

the temperature-dependent structure, as evidenced by th@ntribution of the sampling depth to the observed line
bond-valence values, deviates from the charge-order paranyidths.

eter obtained from resonant x-ray scattering and from theory.
These deviations could be caused by the different time scales
of the charge and lattice fluctuations, leading to different
order parameters. The differences between the order param- The authors would like to acknowledge the technical as-
eters could in principle also be caused by the influence of theistance of the Swiss Norwegian Beamline Te&l1 at the
bond distances on the scattering factors, although such a sd@SRB during the x-ray absorption measurement. This work
nario is not supported by our calculations. The BVS resultsvas supported by the Swiss National Science Foundation
indicate further that the charge ordering is not simply a freezand (L.S. the U.S. DOE, OBES, Chemical Sciences, under
ing out of the charge carriers hopping between Yb, but addiContract No. W-31-109-ENG-38.
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