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Resonant scattering in germanium
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Three-beam experiments on the resonantly-excited forbidden reflé66nin germanium are presented. It
is shown that phases of resonant scattering can be reliably obtained from the asymmetry effect in azimuthal
plots. For the(222) reflection, it is shown that charge and resonant scattering are out of phase.
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With the advent of synchrotron radiation, resonant scatterforbidden “by the glide-plane rule.” However, when the po-
ing of x-rays has become a major tool for investigating elecdarization of the incident x-ray beam is taken into account, it
tron densities in solids. The notion of “resonant scattering”is possible that “the screw axis and glide-plane rules for
(also called “anomalous scatteringls often coupled to the @bsent reflections are no longer rigorous since crystallo-
notion of “orbital ordering.” In the absence of interactions, 9raphically equwglent atoms do not have exactly the same
atoms have spherical symmetry even though most of th&cattering power.” This is the case, for example, of a mono-

electronic orbitals are not spherically symmetric. Oglgr- ~ atomic crystal(like germanium with two identical sublat-

bitals are spherically symmetric. In fact, the crystal potentialt'ces' in which the valence charge density is not spherically

will force some of the aspherical hybridizedp orbitals to symmetric. The effect is probably present even without reso-

assume a definite configuratidorbital ordering, resulting hance, but the intensity is to_o weak to b c de;ected.
N S . . We made a careful analysis of tf&00) intensity scattered
in directed covalent bonds, which is the basis of chemical . . . ),
. outside of resonance, using synchrotron radiation at the ad-
bonding. 7
. . vanced photon sourddPS).” We were able to see an appre-
As a consequence of orbital ordering, some x-ray reflec-. ; . . o
. . . . ~""“ciable (600) intensity at energies differing from the resonant
tions which are normally extinct as a result of negative m'value(ll 107 KeVf by 1000 eV or more. However, a careful
terference between sublattices, may in fact turn out to be T y : . e
analysis of the results showed that t@0) intensity we

weakly present and measurable. Such reflections are calle )
. . ) ” - observed was always due to the tails of the Umweg peaks,
forbidden reflections.” They correspond to existing nodes

in reciorocal space. with zero intensit due to multiple diffraction, which brings up an important
Afapmous egamp,le is the222) reﬂectxi/(.)n in diamond. Ge point. What limits the ability to measure a very weak reflec-

S, ang-in, whose space youp s . 227, e same 19115 L0 Meni of e source, bt eney e ot
for all these elemental crystals. All these structures consist i P 9, ys P Y

two f.c.c. sublattices, shifted by 1/4, 1/4, 1/4. It turns out thatangle (y=azimuthal angle, for rotations around the scatter-

wheneverh + k+1=4n+2 (n=any integer the two f.c.c. ing vecto). When the x-ray energy coincides with the K

sublattices are exactly out of phase, and the correspondi &rige(11,107 eV, the (600 reflection appears as a substan-

wray reflection has zero intensiy. For the purpose of thig . C2cKJIOUNd between Uieg peaksyrmotations, and
paper, we define a reflection in diamond structures to b& yp 9.

Scaerng Len, aphears o be 8 melhod 1 enormously -
If, on the other hand, the electron density around each 9 9

) . . entrosymmetry in forbidden reflections. It is a technique for
atom is not spherically symmetric, there may be some wea . o
. . . ' . studying electron densities.
intensity due to scattering from interatomic electrons, such as

bonding charges, for example. We know that in diamond, Ge, 2.5 10° e 5000
Si, andB-tin there are covalent bonds between atoms, which o 1

can be modelled using the so-called “bonding charge 210°F 14000
model.”t~* These bonding charges produce nonzero forbid- £ S ]
den reflections which can be observed without resonant scat- 218107 13000
tering. The(222) reflection can easily be observed and mea- £ 105k 12000
sured, both for Ge and Si, but the higher-order reflections, Z E ]
such as thd442) and the(622), are extremely weak, and it 5105 X 11000
becomes difficult to disentangle the effects of multiple F K ]
dif‘fl’actiOI"l.5 0-"""““"7""""""'T"L'"‘-O

11.095 11.105 11.115

The (600 reflection is also forbidden, but it is in a differ- Energy (keV)

ent category from thé€222). While the space group Fd3m

predicts a nonzer@222) for a generic, aspheric, electron  FIG. 1. Integrated intensity of thés00) reflection vs energy
density, the(600) is predicted to be zero fany charge den- (dotted ling. The solid line is the “background” counting rate, due
sity. In the language of crystallographers, they are said to b fluorescence, to which the right vertical scale applies.
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FIG. 2. Azimuthal dependence of {00 near a peak due to FIG. 3. Azimuthal plot of the(222), at resonance, vg, azi-
three-beam diﬁractiomthe (3?)] Circles represent experimental muthal_angle. The central peak is due to simultaneous excitation of
data. Every point represents an integrated inten@ter 0, the  the (53]). The intensity values have been normalized to the two-
angle of incidenceat a given azimuthal anglg.. Solid line is  beam value. The best fit yields,J5= 0.8 electrons;p,,, (phase
theory™! All intensities have been normalized to the two-beam in- =40.0° or 45.5°.
tegrated intensitycorresponding to 1 on the vertical axi§he best
fit is obtained for Kyp=0.475 electrons, andpgy, (phase=

90,00 or— 150.64° is about half of k,, outside of resonance =1.08

electrond®. It means that thg600) resonant intensity is
out four times weaker than the nonreson2aQ).

At this point we asked ourselves the question: what is the
effect of resonance on th@22? One would expect an in-

Our aim is to explore the possibility of extracting phasecrease of intensity, as it always happens when some kind of

information from the scattering data, and for this reason weesonance 1s involved. We then performed another experi-

chose germanium, a very well-known crystal structure, easil)mter;t otn c;[hi?\ sameibt;eanrwlllae |D32f ?rft EnSIEF. Snlcr;cehwe we\xa
available as a perfect crystal. ereste possibie changes of intensity and phases, we

' : formed a three-beam experiment at two different energies:
The first question we asked was whether or not resona er X L
scattering would give rise to the asymmetry effect gn rﬁl,lO? eV and 11,440 eV. The profiles are shown in Figs. 3

scans, which is the source of phase information in our tech‘:’md.A" In both figures, the central peak is due to simultaneous

nique for solving the phase probléfthSeveral three-beam eXxcitation of the (53] reflection. In this experiment our
experiments were performed on beamline ID-32 of the EuMain interest is the two-beam value of ##22), in and out
ropean synchrotron radiation facilitfESRF and they all  ©f resonance. It turns out that the most accurate procedure to
showed very clear asymmetry effects. The incident bean@et & two-beam value in this case is to perform an azimuthal
being generated by an undulator, had a very small angul&ic@n around an “‘umweg” and then take the average of the
divergence(of the order of foururadians in the plane per- counting rates to the left and to the right of the “umweg.”
pendicular to the scattering plan&herefore the widths on

the ¢ scale of the umweg peaks are not affected by the beam 4.0

Resonant scattering has been recently used to study tl‘?é)
details of the electron density in mangandteaMnO; (Ref.
8) and similar compoundsand in magnetite R©,.°

divergence, and can be directly compared with the calculated .| S; ;;;Moev
profiles. Figure 2 is an example of our results. The solid line f =531

is theory!! with phase and magnitude ofdg being the only 2 30

adjustable parameters. The perturbation theory developed by £ o5

Sherf? shows that, if plane-polarized x-rays are used, the E ©

guantity determined in a multibeam experiment is §osith % 2.0

0= ¢yt dp_y— ¢p, called triplet invariant, because it does 2 15

not depend on the origin chosen in the unit cél}, is the a

phase of the main reflectidithe (600) in our casé ¢, and €10

¢p_y are the phases of the simultaneous and coupling re- e
flections, respectively. Sincé can be positive or negative, 05
there is an ambiguity in determining,. The ambiguity can

be removed if circularly polarized x-rays are used, because in
this case we determine si#)(*> but we were not able to
perform this experiment. We believe that90° is the good FIG. 4. Same as Fig. 3 except that the x-ray energy is out of
value, because we expectol to be imaginary at full resonance. The best fit yields;b=1.4 electronsip,,,=28.0° or
resonancé? The magnitude of & is 0.475 electrons, which 28.5°,

349.513 349.573 349.633
v (degrees)

34%.393 349.453 349.693
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The reason for this apparently complicated procedure is thatould seem that mosaic crystal theory would not be appro-
the umweg peaks have long tails, and there are many unpriate for germanium. On the other hand, 1222 is very
wegs at an x-ray energy close to 11,000 eV. In other wordsweak, and in the limit of weak scattering, crystal perfection
it is practically impossible to find @ angle such that the does not affect the diffracted intensity. Perfect crystal theory
(222 diffracted intensity is really umweg-free. and mosaic crystal theory converge to the same values for
The two profiles of Figs. 3 and 4 yield different values of the integrated intensities of weak reflectidfis.
magnitudes and phases fo,f. The actual values are given  The correction due to Eql) predicts a weakening of the
in the captions. The ratio, squared, of the magnitudes yieldgensity for the(222) at resonance by 93.9%. When this
an attenuation of th€222) intensity, at resonance, equal t0 ¢ rection is taken into account, we can conclude that the
67.3% which is to be compared with the value we actually(222) at resonance is weaker, compared to its value out of
measured: 37.9%. The reason for this discrepancy has MOostsonance by 37.9%, which is definitely outside of the ex-
likely to do with the fact that a static structure factor incor- perimental’error &*—2—53%)-

porated in thevbeam theory of Ref. 11 is probably inappro- This conclusion is somewhat surprising, because we

priate in dealing with resonant scattering. We also see a - .
change in phase: from 40° at resonance to 28° out of resc\)/yould have thought that resonance always increases the in-

; - ; ; tensity of a weak reflection.
nance. In this case the ambiguity resulting from the siga of

is not important. The change in phase has a strong effect on 1h€ ineéscapable conclusion is that, in this case(222)

the minimum value of thé222 intensity, which is close to '€Sonant scattering is out of phase with respect to charge

zero out of resonanoig. 4). spattenng. If we na|vely.descr|be re{sonant scattenn_g of for-
The profiles of Figs. 2, 3 and 4 have been normalized irpidden reflections as being due to virtual charge buildup be-

such a way that the average counting rate, on the left and tH#een atoms, we may conclude that the attenuation of the

right side, is set equal to 1. In keeping with the prescriptiond222) at resonance is due to virtual “lobes” of charge along

of “virtual bragg s(;attering,i16 we use the asymmetry effect the[111] directions, on the opposite sides to the locations of

near the umweg peaks as a source of phase informatiothe bonding charges and the first nearest neighbors, similar to

Consequently, only weak scattering photons are utilized, anthe effect of temperature on the anharmonic thermal

all umweg peaks, in our azimuthal plots, have been arbivibrations?®?* On the other hand, a quantitative theory of

trarily truncated to 4. In other words, only scattering dataresonant scattering in germanium is not available at the

less than four times the two-beam intensity have been corpresent timé? therefore, we are not in a position to compare

sidered. In Figs. 3 and 4, ttedfectivevalues of the averaged our results with theoretical predictions.

counting rates are 2.93 at resonance and 5.03 out of reso-

nance (E11,440 eV). In comparing the two intensities we

must take into account that, according to mosaic theory, the One of us, R.C., has entertained extensive correspondence

integrated intensity of anyhkl) reflection depends on angle and consultation with Professor D. H. Templeton, who gave

0, wavelengthh and absorption. Specifically: many suggestions and insights without which this work
would have not been possible. Thanks are also due to Pro-
cog26 \ fessor G. A. Sawaitzky, for his help on the theoretical side. At
thl"‘T&9 F .Y ESRF (the European Synchrotron Radiation Fac)litwe

were greatly helped by A. Freund for providing germanium
where " is the imaginary part of the scattering fact6t®  crystals. Portions of this work were funded by a National
Our crystal is germanium, which is highly perfect. So it Science Foundation Grant No. 96 255 85DMR.
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