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Abstract Friedel pairs are susceptible to symmetry

breaking in crystals. Under resonant scattering condi-

tions, non-centrosymmetric crystals can give rise to

pairs of hkl and �h�k�l reflections with different diffracted

intensities, which are quantified as an anomalous

signal of the structure. In bulk crystals, the shift in the

anomalous signal through an absorption edge can be

measured with good accuracy regardless the crystal-

line quality of the sample, leading to experimental

values in agreement with theoretical ones. With the

advance of nanotechnology and synchrotron sources,

it has been possible to produce free-standing nano-

membranes of semiconductor crystals, opening the

opportunity of checking the measurability of anoma-

lous signal in nanoscale materials. In this study, we

describe a successful procedure to measure the

anomalous signal in nanomembranes of GaAs (001)

15-nm thick with synchrotron radiation. Different

membrane processing methods and diffraction geom-

etries were tested, and major sources of instrumental

inaccuracy were identified. Relevances of this type of

measurements in nanotechnology as well as in basic

science are discussed.

Keywords Bijvoet pairs � Free-standing

nanomembranes � Single crystals �
Synchrotron X-ray diffraction � Atomic resonance

Introduction

Absorption spectroscopy is a very powerful technique to

probe the local structure around atomic species in solids.

Changes in the quantum levels due to chemical bonds

and scattering potentials of neighboring atoms modulate

the absorption probabilities, which can be observed by

measuring the linear absorption coefficient as a function

of X-ray photon energy E. By an energy conservation

principle, known as ‘‘the optical theorem’’, the imagi-

nary part f 00ðEÞ; of the resonant amplitude scattered by
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an atom is related to its absorption cross-section ra(E)

according to (Lovesey 1996)

f 00ðEÞ ¼ EraðEÞ=4pre�hc ¼ raðEÞ=2rek ð1Þ

where re = 1.818 9 10-15 m and k is the selected

wavelength. By using general properties of complex

functions, it is also possible to obtain the real part f 0ðEÞ;
of the atomic resonant amplitude, leading to the total

scattering amplitude f ðq;EÞ ¼ f0ðqÞ þ f 0ðEÞ þ if 00ðEÞ
of an atom. Angular dependence with the direction of

scattering is provided by f0(q), the atomic scattering

amplitude, in electron units, without accounting

effects of resonance and given as a function of

diffraction vector modulus q ¼ 4p sinðhÞ=k: The

scattering angle 2h regards the incident beam direction

(2h = 0).

In crystals undergoing Bragg diffraction, complex

atomic scattering factors are known to break Friedel’s

law for hkl and �h�k�l reflections susceptible to the

absence of symmetry center in the atomic structure

(Giacovazzo 2002). Hence, the diffracted intensities

Ihkl and I�h�k�l from such pairs of reflections are different

when f 00ðEÞ 6¼ 0 for at least one atom in the structure.

The anomalous signal

Q ¼ I�h�k�l � Ihkl

I�h�k�l þ Ihkl
ð2Þ

is therefore a consequence of electronic transitions in

atomic levels. For free atoms, transitions occur for the

continuous quantum states of ejected photoelectrons, and

the related amplitudes of resonance have been properly

calculated and listed (Hubbell et al. 1975). Measurements

of anomalous signals could be used, in principle, to probe

variations in the quantum levels around an atom, exactly

as in absorption spectroscopy. In practice, measuring

absorption is much simpler than the anomalous signal in

bulk materials. But, the same is not true for low-

dimensional structures where X-ray absorption might be

too weak to be detected. Probing small symmetry changes

in nanocrystals under external forces is another example

of situation where the anomalous signal measurements

can be useful (Azimonte et al. 2010).

X-ray diffraction in nanoscale materials, such as in

thin films and quantum wires and dots (Pietsch et al.

2004), is very accurately described on the basis of

kinematical diffraction theory where the diffracted

intensities are proportional to the squared modulus of

the structure factors, i.e.

Ihkl / jFhklj2

¼
X

a

Ca½f0 þ f 0 þ if 00�ae2piðhxaþkyaþlzaÞ

�����

�����

2

ð3Þ

with index a running over all atoms of fractional

coordinates (xa, ya, za) and occupation factor Ca in the

average unit cell. This proportionality relationship

allows composition analysis in nanostructures when

comparing diffracted intensities at two or more

energies close to the absorption edge of the element

of interest, see for instance Malachias et al. (2012).

The accuracy of such analysis depends on the given

values of f 0 and f 00; which are, in the best cases,

experimental values from bulk crystals.

In this study, we investigate the feasibility of

measuring anomalous signal from free-standing nano-

membranes of GaAs, as well as the proportionality

relationship stated in Eq. (3) as a function of energy.

Since nanostructured devices are often grown on top

of single crystals, anomalous signals and intensity

behavior (as a functions E) in semiconductor sub-

strates are also investigated experimentally and by

dynamical diffraction simulation. Nanomembranes of

GaAs (001) were prepared with distinct processing

methods, and two different X-ray diffraction geome-

tries were tested.

Kinematical and dynamical diffraction

Since diffraction intensities are proportional to |Fhkl|
2

in nanoscale materials where the kinematical approach

is valid, it is straightforward to see from Eq. (2) that

Q ¼ jF�h�k�lj2 � jFhklj2

jF�h�k�lj
2 þ jFhklj2

: ð4Þ

In large perfect crystals, such as semiconductor

substrates with a few hundred of microns thick, the

diffraction phenomenon has to account for successive

bounce of photons inside the crystal, which means that

diffraction is dynamical and the intensities are not

directly proportional to |Fhkl|
2. Nevertheless, the anom-

alous signal is only a function of the structure factors,

exactly as given in Eq. (4). To demonstrate this fact, we

have performed dynamical diffraction simulation in

both thin and thick GaAs (001) crystals, Fig. 1.

Pairs of reflections providing the same Q value of a

Friedel pair are known as Bijvoet pairs (Giacovazzo
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2002). In III–V semiconductors, space group

F�43m; hkl=�hkl and hkl=h�kl are Bijvoet pairs that can

be measured on the same side of a (001) crystal with

just a 90� shift on its azimuth, e.g., rotation axis u in

Fig. 2b. In the kinematical regime of diffraction,

Fig. 1a, the intensity reflectivity of one reflection

increases while the other decreases when moving in

energy from below to above the Ga absorption edge (at

10.368 keV). This is the expected behavior according

to Eq. (3). On the other hand, in the dynamical regime

of diffraction, one reflectivity maximum remains

nearly constant while the other shows a drastic

reduction, Fig. 1b. Although the reflectivity curves

are not proportional to |Fhkl|
2, the relative differ-

ence between the simulated curves leads to the Q

value predicted by Eq. (4). For instance, the areas

under the reflectivity curves at E = 10.4 keV are

A111 = 149.4 mrad and A�111 ¼ 203:5 mrad, provid-

ing Q ¼ ðA�111 � A111Þ=ðA�111 þ A111Þ ¼ 0:153; which

is the same value obtained by using |F111| = 125.2 and

jF�1�1�1j ¼ 146:1 in Eq. (4). In this study, all theoretical

values were obtained using scattering factors of free

atoms (Prince 2006).

Experimental

Sample preparation

The samples were grown by solid-source molecular

beam epitaxy (MBE) using an Omicron III–V machine

(IFW Dresden). Following a well-established growth

procedure (Deneke et al. 2002), a 300-nm-thick

Al0.9Ga0.1As layer and a 15-nm GaAs top layer were

deposited onto a GaAs (001) substrate. Layers depo-

sition was monitored by reflective high energy elec-

tron diffraction, which showed a sticky diffraction

pattern throughout the growth of the layers. After

growth, free-standing membranes were produced as

follows (Malachias et al. 2008; Rastelli et al. 2012).

In sample #1, Fig. 2a, a batch of rounded mem-

branes, 100 lm in diameter and set apart by 200 lm,

was defined by optical lithography and wet chemical

etching using H3PO4 (85 vol%):H2O2 (35 vol%):H2O

(1:2.5:10). Without removing the resist on top of the

membranes, the sample was etched with a HF

(3 vol%) to attack the Al0.9Ga0.1As layer and releases

the membranes from the substrate (Deneke et al.

2002). As the membranes fall back to the original

substrate, they could be transferred to a new host—in

this case a Si (001) substrate—by spinning PMMA

onto the host substrate and pressing the original

sample onto it (Rastelli et al. 2012).

In sample #2, Fig. 2b, 1-lm-wide holes 10 lm apart

were produced by optical lithography and chemical

etching in HBr (48 vol%):K2Cr2O7 (0.5 mol/l):

CH3COOH. After removal of the photoresist, a free-

standing membrane was obtained by selective removal

of the AlGaAs layer with HF (3 vol%). The membrane

was transferred to a new GaAs (001) host substrate by

fishing the free-floating membrane from the water

surface.

X-ray data acquisition

X-ray diffraction experiments were carried out at

diffraction station XRD2 of the Brazilian Synchrotron

Light Laboratory (LNLS): bending magnetic

Fig. 1 Dynamical diffraction simulation for 111 and �111

reflections in both thin and thick GaAs (001) crystals: a 15-

nm and b 100-lm thick slab. The diffraction geometry is

detailed in Section X-ray data acquisition, Fig. 2b. X-rays

energies are indicated close to the simulated curves, which are

displaced in the Dh axis for clarity
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beamline with focusing mirror and two-bounce Si

(111) monochromator with a sagittal focusing second

crystal. X-ray optics was in focused beam mode

(sagittal crystal focused at the sample position, mirror

focused at infinity), providing a vertical beam diver-

gence of about 90 lrad (transversal coherence

^0.7 lm) and an axial (horizontal) divergence of

10 mrad. Beam cross-section at sample position was

0.5 9 0.5 mm2, and the diffraction plane is at the

vertical position (r polarization). Photon energies in

the range from E = 10.2 to 10.55 keV were used with

an accuracy better than 1 eV, although the energy

resolution is about 5 eV (longitudinal coher-

ence [ 0.12 lm). Fluctuation in the incident beam

intensity is monitored by measuring air scattering,

which delivers a monitor signal. Two diffraction

geometries have been employed. Asymmetric reflec-

tions such as 115 and 117 were measured with

sample’s surface normal direction in the diffraction

plane, e.g., Fig. 2a, while 111 type of asymmetric

reflections were set with the surface normal direction,

rotation axis u in Fig. 2b, at 35.264� from the

horizontal direction. In all cases, diffraction intensities

were corrected by the monitor signal, and the Q values

determined by integrating the diffraction curves.

Results and discussion

A general preliminary test of 115=�115 and 117=�117

Bijvoet pairs have been carried out on a different bulk

materials, on two wide pieces of a 0.5-mm-thick

gallium antimonide substrate, GaSb (001). Average

experimental and theoretical Q values were adjusted

for the sake of comparison, showing a very good

agreement within an accuracy of 10 %, Fig. 3.

Regarding the samples with nanomembranes. In

sample #1, only the 115=�115 pair could be observed at

the low incidence angle geometry, Fig. 2a. The wide

axial divergence of the incident beam was crucial to

enlarge the contribution of the ensemble of in-plane

misaligned nanomembranes. These misalignments,

not larger than 2�, were probably introduced during

transfer to the host Si (001) substrate. Diffraction

curves collected at energies of 10.3 and 10.4 keV for

the nanomembranes in sample #1 are shown in Fig. 4.

Fig. 2 Diffraction

geometries of asymmetric

reflections: a 115=�115;
sample #1, batch of

membranes on a silicon

(001) substrate; b 111=�111;
sample #2, a single

membrane on a GaAs (001)

substrate
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Peak intensities range from 5 to 10 % above the

background noise of 105 counts/30 s due to nearby

silicon substrate reflections, about 1.5� away. The area

under the curves, above the background, were deter-

mined by Gaussian fit. Since the number of mem-

branes illuminated by the X-ray footprint can change

when rotating the sample to excite one reflection or the

other, the areas were normalized by the one measured at

the lower energy, and hence, A115 ¼ A�115 ¼ 1 at

E = 10.3 keV and A115 = 0.42 ± 0.04 and A�115 ¼
1:27� 0:02 at E = 10.4 keV. The only accessible

quantity is therefore the relative shift dQe = 50 ±

5 % in the Q values from one energy to the other. The

theoretical shift is dQt = 27.7 %, implying in a

disagreement of 80 ± 20 % between experimental

and theoretical values, see Fig. 5 (inset).

A much stronger signal/noise ratio was obtained

from a single nanomembrane, sample #2, for the

111=�111 pair of reflections. A relative 50� in-plane

rotation of the membrane lattice regarding the host

GaAs (001) substrate allowed us to measure separately

diffraction curves from both membrane and substrate

lattices with the same diffraction geometry, Fig. 2b.

As a function of energy, the determined Q values are

compared to theoretical ones in Fig. 5. Except for the

data point at the energy of 10.2 keV, the Q values from

the membrane are just displaced by about ? 2 % from

the substrate ones. But, both membrane and substrate

values provide nearly the same shift of dQe = 14 %,

slightly smaller than the theoretical one, dQt =

15.5 %, for scattering factors of free atoms.

Figure 6 shows the integrated diffraction curves

plotted as a function of energy. For the membrane, the

curve behavior is very similar to the expected one

according to kinematical diffraction, Fig. 6a. The

major disagreement is caused by an unexpected

intensity drop of the �111 reflection after the reference

point. This is probably indicating that the beam

position over the membrane has moved when

Fig. 3 Anomalous signal Q from a 117=�117 and b 115=�115

Bijvoet pairs in buck gallium antimonide, GaSb (001), crystals.

Experimental values obtained at both low (circles) and high

(triangles) incidence angles are compared to theoretical ones

(solid lines)

Fig. 4 Rocking curves of 115 and �115 reflections in GaAs

nanomembranes, sample #1. Gaussian fits (solid lines) are

shown. Curves with different energies are displaced in the

vertical axis for clarity. Scale bar stands for 5 % of intensity

over the background of 105 counts/30 s

Fig. 5 Anomalous signal Q from 111=�111 reflections in both

membrane and substrate of GaAs (001), sample #2. Inset
theoretical (dashed line) and experimental (circles) Q values, as

observed by 115=�115 reflections in a batch of nanomembranes,

sample #1
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changing the energy from 10.2 to 10.25 keV. For the

substrate, the strong intensity from its reflections was

also sensitive to a systematic reduction of linear

attenuation in air and windows of the beamline as the

energy increases. Then, to compare the substrate data

with the expected dynamical diffraction behavior, the

experimental data were further normalized by the

theoretical values of the 111 reflection. A very good

match is thus obtained, Fig. 6b.

When the beam impinges the surface at a ^ 6�,

Fig. 2b, the membrane thickness projection along the

incident beam direction is 0.14 lm, which is of the

same order of the longitudinal coherence length.

Therefore, obtaining the same anomalous signal for

membrane and substrate is a consistent result, demon-

strating the feasibility of such measurements in free-

standing nanostructures. On the other hand, the mem-

brane thickness projection for 115 reflections, Fig. 2a,

drops to 0.05 lm, something in between half and a

third of the longitudinal coherence length. Although,

the large discrepancy of the experimental data with

theory obtained for the batch of membranes in sample

#1 could be caused by either low signal/noise ratio or

beam movement when changing the energy, or even by

both, further confirmation is necessary. The optical

theorem provides the correlation between the atomic

absorption cross-section and the imaginary part of the

forward scattering amplitudes, i.e., Eq. (1) applies to

Im{f(0,E)}. With no experimental evidence that the

resonant amplitudes vary with the scattering angle, f 0

and f 00 have been assumed to vary with energy only.

Since resonant amplitudes remain constant as a

function of the diffraction vector, the relative contribution

of the non-resonant amplitude, f0(q), decreases as the

diffraction vector modulus increases. Therefore, larger

anomalous signals are expected for reflections with

higher indexes, e.g., Q(10.4 keV) ^ 41, 28 and 15 % for

the 117=�117; 115=�115 and 111=�111 pairs in bulk GaAs

crystals, respectively. In nanostructures, measuring

reflections with higher indexes can be very difficult due

to the lower intensity of such reflections. Moreover,

since experimental values of anomalous signals require

measurements at different energies, the beam spot at

the sample has to be kept stable within equivalent

nanostructured areas when changing the energy. It adds

an extra difficult in acquiring accurate values of

anomalous signals. Current advances in designing

synchrotron beamlines to provide coherent nanofo-

cused X-ray beams of high flux can make routine

analysis of anomalous signals from nanostructures

possible in the near future. Scanning the Q signal with

high resolution in energy may provide insights on how

electronic levels in crystalline lattices of low dimen-

sionality are susceptible to foreign chemical species at

their surfaces. It is a different concept of absorption

spectroscopy, which overlaps signals from amorphous

and crystalline regions present in the samples.

Conclusions

In this study, we demonstrate the feasibility of

measuring anomalous signals from free-standing

one-dimensional nanostructures, 15-nm-thick GaAs

membranes, arranged in different configurations. In

acquiring the collective signal from several mem-

branes, their relative misalignments have restricted the

diffraction geometry to one that could use the axial

divergence for increasing the signal. Nearby reflec-

tions of the host substrate were essential to locate the

weak reflections of the membranes, although they

Fig. 6 Integrated diffraction curves as a function of energy:

a nanomembrane and b substrate. Expected behavior (dashed
lines) according to the a kinematical and b dynamical theories

are shown. All quantities were normalized by their values at

E = 10.2 keV. Further correction has been applied to substrate

data as explained in the text
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raise the background noise compromising accuracy in

determining the signal values. A large discrepancy

between experimental and theoretical values was

found, which requires further investigation with more

appropriate instrumentation and optimized samples:

high flux, focused, and stable X-ray beams, as well as

membranes with large flat areas.

For analyzing a single membrane, suitable diffrac-

tion geometry could be employed. It has enlarged the

diffraction volume, boosting the signal accuracy to the

same one obtained from bulk materials. Stable beam

spots when scanning the X-ray energy is a crucial

requirement for future exploitation of anomalous

signals in nanostructured devices.
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Kycia S, Medeiros-Ribeiro G (2012) X-ray diffraction

methods for studying strain and composition in epitaxial

nanostructured systems. In: Haight R, Ross FM, Hannon

JB, Feldman LC (eds) Handbook of instrumentation and

techniques for semiconductor nanostructure characteriza-

tion. World Scientific, Hackensack, pp 256–324
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