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Temperature-dependent forbidden resonant x-ray scattering in zinc oxide
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We have measured the resonance spectrum of glide-plane forbidden x-ray diffraction in hexagonal ZnO as a
function of temperature. This is the only method to observe deformations of the electronic states caused by
thermal atomic motion. The results provide the first evidence for a complex line shape in the spectrum of
thermal-motion-induced scattering and the first observation of a dramatic change in resonance spectrum with
temperature. The measurements are in agreement with a phenomenological model, based on a combination of
constant(most probably dipole-quadrupgl@nd temperature-dependent amplitudes. This model provides a
means of separating the two components, including their relative phase.
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Resonant x-ray diffraction signals at the positions that argyiven in terms of a mixed dipole-quadrupole resonance, al-
exactly forbidden by glide-plane or screw-axis selectionlowed due to thep-d hybridization in the conduction barid.
rules have received a great deal of attention in recent yearRecently, a second mechanism has been propdse ob-
Since such signals vanish in the case of a scalar scatterig@"ved in germanium/® whereby a third-rank scattering
response, the technique has played a key role in identil‘yin%ensf)r arises from small thermal displacements from the
orbital anisotropy in, for example, manganites and othe ominal sites of high symmetry. While the temperature de-

: ering in germanium does in-
strongly correlated electron systemMost of these studies ggggegﬁgv\? f Ctgsvirr?;%gagtv%ceagge fgr tvx?o competing pro-

have exploited the coupling of the photon polarization 10¢egges, je., a temperature-independdi part, probably
dipolar anisotropydescribed by a second-rank tenseror-  gominated by E1E2 events, and a thermal-motion-induced
der to reduce the symmetry of the scattering system. FOfTMI) part, the spectra for each process are surprisingly
many materials, however, the crystal symmetry is such thagimilar, and there is very little variation in the spectral line
even dipolar anisotropy cancels in the calculation of strucshape.
ture factors, and the lowest-order residual scattering is de- Since TMI scattering arises from the relative displacement
scribed by third- or fourth-rank tensors. These effects havef adjacent atoms, its strength depends crucially on the ther-
been observed experimentalyt and attributed tqelectrio  mal population of optical phonon modes. The search for suit-
dipole-quadruplole (ELE2 and pure quadrupol€E2E2 able materials in which to study this effect is, therefore, gov-
resonances, respectively. erned by the requirements fofl) a suitable space group,
The study of resonant diffraction is important not only for which includes glide-plane and/or screw-axis symmey,
orbital ordering but also for determination of atomic posi-a site symmetry such that forbidden reflections have no con-
tions of resonant atoms and of their local environment. How4ribution from anisotropic E1E1 scatterin@) an absorption
ever, the most important application is a spectroscopy of exedge resonance at a wavelength suitable for crystal diffrac-
cited electronic states in crystals, hybridization of differenttion, (4) a low-lying optical phonon mode, an@) a high
orbitals, etc. While the ground-state electronic structure cawguality single crystal sample. ZnO, which crystallizes with
be quantitatively described byb initio methods, the the wurtzite structuréspace grouf6s;mc, No. 186 and has
environment-induced distortions of the exited electronican optical phonon mode of energy 12.4 meV atfhpoint!*
states is still a difficult problem both for theory and experi- satisfies the above requirements. Moreover, it is of consider-
ment. The “forbidden” resonant diffraction is much more able interest as a material for optics and spin electronics, and
sensitive to tiny details of the distortions than absorptionis commercially available as a substrate crystal.
spectroscopy. This is because the latter is averaged over all The study of electronic systems in perturbed or excited
the atoms in the unit cell, whereas the former is a differentiaktates is one of the great challenges for the coming decades,
method that is directly sensitive to tldangein resonance towards which thermal-motion-induced scattering can play a
response with atomic position. significant role. The combination of experimental and theo-
Of special significance to this work is the series of studiesetical studies of forbidden reflections should shed light on a
of germaniunt, ® pioneered by Templeton and Templefon, number of important aspects of electronic structure, includ-
who observed a sharp resonance close to the Ge-K edgiag hybridization, the evolution of electronic states with
which was found to be consistent with the symmetry prop-nuclear position, and the validity of the Born-Oppenheimer
erties of a third-rank scattering tensor. Interpretation waapproximation.
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The x-ray diffraction intensity for weak scattering can be 0.25
written, for a fixed geometry, in terms of the electric field
components of the inciden&] and scattered&’) photon,
and a scattering matrik:
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The matrix for TMI scattering is derived from the third-rank
structure factor tensor by projecting onto the scattering
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An important aspect of this work is that, for materials that
crystallize with wurtzite structurgsite symmetry &) the 0.00 - i
third-rank scattering tensors for EIE2 and TMI processes 9.65 9.66 9.67 9.68 9.69 9.7 9.71

possesgpreciselythe same elements, and are thus experimen- Energy (keV)

tally distinguishable only via their temperature dependence.

While this is also true in germanium, it is not generally the FIG. 1. (Color onling The ZnO 115 absorption-corrected reso-

case as the E1E2 tensor can contain terms that are antisymance spectrum near the Zn K-edge, at temperatures of 59 and 800

metric with respect to the polarization vectors, while the TMI K. Total absorption is shown by the solid line.

tensor is always symmetric. TharBsite symmetry also al-

lows second-rank dipolar anisotropy, but this anisotropy i§sm measurements on a thin crystal sample, and the absence

the same for all the equivalent atoms and, hence, it contribg¢ any obvious spectral variation with azimuthal angle.

utes only to the anisotropy of allowed reflections and the  opg of the most severe complications with measurements

absorptl_on coefficient. . of weak scattering with integer Miller indices is contamina-
For e|thgr atom type O.f the wurtzm_e structure, for.tHeI tion by multiple scattering. Fortunately, the high quality of

(I=0dd) glide-plane forbidden reflections, the resulting scat—the sample(the rocking-curve widths were-0.01-0.02}

tering matrix is of the form similar to that found for Ge: meant that the majority of such features were very sharp, and

01 0 easily avoided by performing a modest azimuthal rotation.
5 H o
) Azimuthal angles were kept close to 41° for most of the
F(hhl)ech{ 6+ le fum|[{ 1 O Of, (2 reported measurementsero corresponds to the 001 vector
- 0 0 O lying within the scattering planeThis value was chosen to

be roughly in the center of the accessible rafgbkich was
limited by the fact that the surface normal was along the 001
vecton, to give a strong resonant intensity, and be relatively
ftee from multiple scattering. For extended energy scans, it
was necessary to combine data sets taken over an azimuthal
rf’ange of around 6° in order to identify and eliminate contri-
Butions from multiple scattering.

where thex, y, andz axes are parallel to the crystal mirror-
plane, glide-plane, and sixfold axes, respectivélyand f,
are complex phenomenological coefficients corresponding t
dipole-quadrupofeand TMI scattering channels; and, are
the correlations in atomic displacements of the closest Z
and O neighbors. According to the site symmetry, there ar

f|v|e t'C orrzlgtm;n funct|;)nsum (tI\IN(I) of &Nh'Ch cororlgs?ondt toth Resonant diffraction signals were observed at the 113 and
relative displacements paraliel and perpendicuiar 10 hg g glide-plane-forbidden positions, with the 115 studied in

threefold Zn-O bond and remaining three correspond to thEé\ome detail. No clear diffraction intensity was observed at
bonds in the equivalent mirror planes-rom Eq.(2) it is : y

clear that the reflections of interest will be of the fohhl, the Of03t Fl)os'tt'?n’ Vtvhh'Ch I\<N TUIdt relguweta s;[rtuctt#re—factl?r ften—
with I =o0dd andh+#0. One cannot infer that the scattering sorofat least fourth rank. in stark contrast to the resuts from

amplitude will simply scale witth, however, as there are a Ge, we find resonance spectra at high and low temperatures

number of geometrical factofthe azimuthal angle, polariza- that are complex, extend over more than 30 eV in energy,
tion, etc). and are completely different in line shagieig. 1). Weaker

The experiments reported here were carried out on théesonance features extend well beyond the absorption edge
XMaS UK CRG beamline at the European Synchrotron Ra{Fig. 2. The evolution of the resonance spectrum with tem-
diation Facility. The bending-magnet beamline utilizes a to-Perature was determined from the measurements at 17 tem-
roidal focusing mirror, and a Si 111 monochromator with peratures, ranging from 59 to 800 K. The resulting surface
energy resolution, for the present setup,-e1.6 eV. The (Fig. 3, top shows a remarkable array of features: at various
sample was a larg€10xX10x1 mm) plate, supplied by photon energies, the intensities, with increasing temperature,
MaTecK GmbH, which was attached to a 50—800 K cryofur-are found to fall, to rise, to fall and rise, and to remain almost
nace, mounted on the Eulerian cradle of a large multiaxiconstant.
diffractometer. Photon polarization was perpendicular to the In the absence of a theoretical model for the resonant
scattering plane. The absorption spectrum was measurestattering, and in an attempt to separate the Tl and TMI
from a thin ZnO powder, in order to apply absorption cor-components, we have performed a least-squares fit of the
rections to the diffraction data. Anisotropy in the absorptionmeasured intensities to a phenomenological two-process
was assumed to be negligible, based on preliminary dichromodel? via the expression,
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FIG. 4. (Color onling The results of the least-squares fit to the

nance spectrum near the Zn K-edge, at temperatures of 59 and 80@odel outlined in the text. Errors in the fitted parameters are com-
K, showing the weak spectral features over an extended energyarable to the symbol sizes.

range.

I(E)=|A(E)e4® + B(E)cot?‘(ﬁ)

where A(E) and B(E) represent energy-dependdstalaj
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population of the optical phonon modes as cbtty(/2kT), if

one assumes a simple model in which the phonon energy
h o, is independent of the wave vector. Obviously, it is im-
possible to separate the contributions of five correlation

amplitudes for the Tl and TMI scattering components, andnodes to the intensity, and in EQ) all the contributions are
#(E) is the relative phase angle between the two compodescribed by the function coti,/2kT) with some effective
nents. These quantities are assumed to be independent @f. The total scattering intensity is further modified by the

temperature. The correlations?, scale with the thermal
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Debye-Waller factoe 2™, whereM, which is a function of

momentum transfer, temperature, atomic mass and character-
istic (Debye temperature, is discussed in detail by Jaffes.

For the present work, we take the average atomic mass
=40.7, and a Debye temperature of 370 K, determined from
a crystal structure refinement stutdy.

Equation(3) was found to give a remarkably good fit to
the data(Fig. 3), with the maximum difference being only
3% of the peak value. The fit yielded three separate energy-
dependent curves: the Tl and TMI amplitudég,E) and
B(E), and their relative phases(E). These are shown in
Fig. 4. The results for 300 K are shown in Fig. 5, in the form
of the relative intensity contributions from pure TMI and Tl
scattering, and TMI-TI interference scattering. The quality of
the fit was found to be relatively insensitive to the value
chosen for the optical phonon energy, giving an error interval
ranging from 0 to 35 meV. Equatio(8) indicates that the
low-temperature intensityT(~ % w,/2k=72 K) could be par-
ticularly sensitive to the phonon energy, but in this region the
TMI contribution is relatively small and very careful mea-
surements are needed. While this effectively rules out the
possibility of using the TMI scattering technique to extract
precise phonon energies, it does, at least, suggest that the
known dispersion in the low-lying optical motteand the
presence of high energy modes should have only a modest
effect on the above analysis, beyond an overall scaling of
B(E). The influence of the choice diw, on the fitted
temperature-independent amplitude spectr#(E) and

FIG. 3. (Color onling ZnO 115 absorption-corrected resonant Phasep(E) is negligible for all but the highest values within
intensity vs energy and temperature. Top: measured intensities, bdiie error interval. All fits were performed withw, fixed at
tom: intensities from a least-squares fit to the model outlined in thél2.4 meV. Neglecting the Debye-Waller factor in E8) led

text [see Eq(3)].

to a significantly worse fit.
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0.12 (at T=300 K) is not due to a peak in either the TMI or TI
amplitudes, but results from the sharp drop in the phase
0.08 | T7300K angle at that point.
It is interesting that in both Ge and ZnO, the Tl and TMI
—~ 0.04 amplitudes are similar in magnitude. As there is no obvious
g connection between these two physical processes, this may
< be purely coincidental.
-;—7,>- U A While recent theoretical work on Ge supports the inter-
g pretation of the temperature-independent scattering compo-
£ 0.04 nent as arising from E1E2 procesSese cannot rule out a
“““ ——TI contribution from pure dipolar scattering, if one takes into
| —o—TMI account the variation in the scattering tensor with the relative
: —— Interference . . .
— Total displacement of the scattering center from the nucleus. It is
; * Measured likely, however, that the limited extent of thes Tore level
-0.12 ; ; ' ; involved in the resonance will mean that this contribution is
965 966 967 968 969 97 weak.

Energy (keV) The results from ZnO are important in several respects.
First, they represent convincing evidence for TMI scattering
FIG. 5. (Color onling The results of the least-squares fit to the jn 3 material other than Ge, suggesting that the phenomenon
model outlined in the text, fof =300 K, shown in the form of iS more genera| than may have been inferred from previous
intensity contributions from pure ™I Scattering, pure TI Scattering,work_ Second, unlike Ge, we observe resonance Spectra that
and the TMI-TI interference term. Also shown is the sum of theare Comp|ex and Change dramatica“y with temperature_ A
three terms, superimposed on the experimental values. fuller appreciation of the physical implications of the re-
ported results will require the development of a detailed mi-
One of the most notable features of the data in Figop) ~ croscopic theoretical model for both the TMI and E1E2 pro-
is the tendency for the scattering intensity to drop, as th&esses in ZnO. However, the phenomenological model has
temperature increases frof=59 K, suggesting destructive Proved extremely useful in establishing that the intensities
interference between the TI and TMI amplitudes. This isc@n Pe understood very well with the assumptions that two
confirmed quantitatively via the least-squares fit: the phase?roCesses are required, one of which has_an am_phtude that
shown in Fig. 4 lie almost entirely between 90° and 180°. ollows closely the population of the low-lying optical pho-
The only exception is a very narrow region around 9 674100 mode, and that the phase between the two amplitudes is

keV, where the amplitudes are very slightly constructive.mdependem of temperature.
Figure 5 reflects this finding by showing a very strong and This work was part of a program supported by INTAS

predominantly negative interference intensity. The result$Grant No. 01-0822. The authors gratefully acknowledge
show that the peak in the measured spectrum at 9.674 ke¥PSRC support of XMaS experiments.
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