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In tro duc tion
Syn chro tron ra di a tion to pog ra phy is used for the in ves ti ga -
tion of many types of do mains, phase co ex is tence, or field
re lated de fects in mag netic and ferro elec tric sin gle crys tals. 
The or i gin of the con trast ei ther re sides in i) the vari a tion of 
electrostrictive, magnetostrictive, or space charge re lated,
dis tor tions, or, ii) by tak ing ad van tage of the co her ence of
the beam, from a con trast mech a nism as so ci ated with the
vari a tion of the struc ture fac tor phase be tween neigh bour -
ing do mains.

Ferro elec tric crys tals: the ex am ple of KTP
We are con cerned with ferro elec tric 180° do main walls,
that be have as af twin bound ary that sep a rates re gions of
op po site po lar ity.

The aim of this study was to un der stand the struc ture of
do main walls in KTiOPO4 (KTP) crys tals and to ex tract
from co her ent X-ray Bragg dif frac tion im ag ing a very elu -
sive in for ma tion about atomic ar range ments at do main
walls. We used for this a com bined Bragg and Fres nel im -
ag ing tech nique that takes ad van tage of the co her ence of
the syn chro tron X-ray beam, and was succesfuly used for
LNO [1] and KTA [2] crys tals. The do main walls were in -
tro duced by the method of pe ri odic pol ing. This means that
the ferro elec tric po lar iza tion (and the crys tal struc ture) is
in verted in the cre ated neigh bour ing do mains. X-ray dif -
frac tion by these, neigh bour ing “up” and “down” do mains
dif fer both through the am pli tude and phase of the struc ture 
fac tors. How ever, by far the larg est con tri bu tion to the con -
trast be tween the do mains is pro duced by the dif fer ence in
phase, which is prin ci pally struc tural in or i gin. The value

of this “phase jump”, Dj cal cu lated from the crys tal struc -
ture de pends very sen si tively on how the crys tal struc tures
of the do mains are matched or linked across the do main
wall. From crys tal lo graphic prin ci ples, five pos si ble do -
main-match ing schemes have been sug gested for KTP
crys tals. Each of these match ing schemes in tro duces a dif -
fer ent phase shift in Bragg dif frac tion from in verted do -

mains. There fore, by mea sur ing the ac tual value of Dj and
com par ing it with val ues cal cu lated from these mod els,

atomic-level in for ma tion about the do main wall can be in -
ferred.

Fig. 1 shows re flec tion topographs of a 9 mm pe riod
KTP sam ple us ing the 004 re flec tion. The con trast sim u la -
tions are pre sented on the right side of the each ex per i men -

tal im age. The sim u la tions were per formed for Dj = -38.6°, 
ex pected if the P(1) atom acts as a pivot for the twinning.
Fig. 2 shows the set of mono chro matic sec tion topographs
in trans mis sion of a pe ri od i cally poled KTP sam ple with
24.7 mm pe riod as a func tion of the sam ple-to-de tec tor dis -
tance, us ing the 140 re flec tion. The sim u lated im ages cor -

re spond to Dj = 180°. The model of twinning re sult ing
from our in ves ti ga tion is shown in Fig. 3. The trans la tion
1/2(a+b) re lates equiv a lent at oms in ad ja cent do mains in
ad di tion to the shift in the c-di rec tion [3].

Mag netic crys tals: a-Fe2O3 and MnP
We will give two ex am ples of mag netic phase tran si tions,
where real time X-ray to pog ra phy pro vides phys i cal in for -
ma tion that is not avail able oth er wise.

Spin-re ori en ta tion Morin tran si tion in he ma tite 

He ma tite (a-Fe2O3) is a weak ferromagnet at room tem per -
a ture. It un der goes a spin-re ori en ta tion tran si tion (the

Morin tran si tion, TM » 260K) to wards a low tem per a ture
antiferromagnetic state. Pre vi ous in ves ti ga tions in di rectly
sug gested that the bound aries that form dur ing this tran si -
tion are nearly par al lel to the (111) plane. The pres ent study 
was mo ti vated by the pos si bil ity of us ing high en ergy
X-ray sec tion dif frac tion im ag ing, which al lows the di rect
vi su al iza tion of the bound aries along the depth of a thick
sam ple. The Morin tran si tion was there fore vi su al ized by
ob serv ing phase bound ary move ments un der the in flu ence
of tem per a ture and of a mag netic field, on white beam sec -
tion topographs, with the FreLoN cam era as de tec tor. The
sam ple was a high qual ity (111) platelet shaped crys tal, 1.1
mm thick. Fig ure 4 shows the phase bound aries move ment
within the top o graphic im ages (cor re spond ing to vir tual
slices of the sam ple), while re main ing nearly par al lel to
(111). These im ages were re corded at a fixed tem per a ture,
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within the antiferromagnetic phase (258 K) whereas in -
creas ing the mag netic field (60 mT, 180 mT and 235 mT  in 
fig. 4) that fa vours the weak fer ro mag netic phase. The nu -
cle ation of the weak fer ro mag netic phase and pin ning of
interphase bound aries on de fects lo cated in the bulk of the
crys tal were ob served. The ob served be hav iour pat terns
were ex plained in terms of the elas tic and mag neto stat ic en -
er gies in volved [4].

Fan to fer ro mag netic tran si tion in MnP
MnP can be pro duced as highly per fect sin gle crys tals. It
ex hib its a com plex mag netic phase di a gram, which eas ily
al lows al ter ations in the ra tio be tween the var i ous en ergy
terms rel e vant for the phase co ex is tence. The fer ro mag -
netic - fan co ex is tence was found [5] to dis play a thick, in -
ter face be tween the two mag netic phases (fig ure 5).
Com ple men tary in ves ti ga tions were per formed on a (001)
MnP crys tal, un der a mag netic field ap plied along the b di -
rec tion, at T » 48 K, in or der to un der stand this un usual
phase bound ary.

It was ob served that the fer ro mag netic-fan in ter face in -
cludes bulk tran si tion re gions, elon gated along a, and thick
enough along the b di rec tion (in the 10-4 m range) to pro -
duce a sub stan tial con tri bu tion to dif frac tion. The Bragg
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Fig. 4. Evo lu tion of wo sec tion topographs re corded dur ing the
Morin tran si tion as a func tion of the mag netic field. The width of a 
given sec tion cor re sponds to 0.35 mm. The sche matic rep re sen ta -
tion of the sec tion topographs shows the pro gres sion of the weak
fer ro mag netic phase, (shaded re gions).

 

 
Fig. 2. Mono chro matic sec tion topographs (140) in trans mis sion
and their sim u la tions.

Fig. 1. White beam pro jec tion topographs (004) in re flec tion and 
their sim u la tions as a func tion of the sam ple-to-de tec tor dis -
tance.

Fig. 3. Sche matic view of a do main wall (dot ted line) pass ing
through the atom P(1).

 

Fig. 5. Mono chro matic topograph  re corded dur ing the ferro to
fan tran si tion, which shows the thick phase bound ary (a is ver ti cal 
and b hor i zon tal; scale bar: 1 mm).



con di tion changes con tin u ously across these re gions. This
con fig u ra tion, which in volves mag netic charge dis tri bu -
tion, is in sharp dis tinc tion with the usual two-di men sional
char ac ter of mag netic walls and phase bound aries. A model 
of the thick in ter face com pris ing a set of in ter me di ate mag -
netic states that only oc cur dur ing the fer ro mag netic-fan
phase co ex is tence, was pro posed to ex plain the ob ser va -
tions [6]. The very un usual fact is that, if this model ap -
plies, this thick in ter face is not ex pected to im ply a
sub stan tial in crease in elas tic en ergy, be cause lo cally each
mag netic state ex hib its its spon ta ne ous dis tor tion, ide ally
lead ing to no long-range stress.
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Dur ing growth of short-pe riod superlattices, spon ta ne ous
lat eral com po si tion mod u la tion can oc cur lead ing to a
quasiperiodic mod u la tion of the thick nesses of in di vid ual
lay ers; re sult ing one-di men sional nanostructures (quan tum 
wires) have po ten tial ap pli ca tions in optoelectronics [1].
The o ret i cal de scrip tion of the mod u la tion pro cess is based
on two dif fer ent mod els. If there is a high den sity of
monolayer steps on the vic i nal sur face (the crys tal lo -
graphic miscut an gle is larger than approx. 1o), a
step-bunch ing in sta bil ity oc curs [2], but if the den sity of
the the monolayer steps is low, a self-or ga nized growth of
two-di men sional or three-di men sional is lands takes place.
The lat ter pro cess oc curs, if the re duc tion of the strain en -
ergy due to an elas tic re lax ation of in ter nal stresses in the
is lands out weighs the cor re spond ing in crease of the sur -
face en ergy (mor pho log i cal Asaro-Tiller-Grinfeld (ATG)
in sta bil ity [3]).

The de pend ence of the lat eral com po si tion mod u la tion
on the num ber of lay ers was in ves ti gated us ing graz ing in -
ci dence X-ray dif frac tion. The serie of four sam ples of
InAs/AlAs superlattices grown by mo lec u lar beam ep i taxy
(MBE) on an InP(001) sub strate was stud ied; the sub strate
was pre pared with out any nom i nal miscut. The sam ples
have 2, 5, 10 and 20 superlattice pe ri ods; the InAs and

AlAs thick nesses were nom i nally 1.9 monolayers in all
sam ples.  For all sam ples, we have mea sured the in ten sity
dis tri bu tion of the graz ing-in ci dence 400 and 040 dif frac -
tion in the qxqy plane of the re cip ro cal space, i.e. par al lel to
the sam ple sur face. The x-ray mea sure ments have been
car ried out at the beamline ID01 of the Eu ro pean Syn chro -
tron Ra di a tion Fa cil ity (ESRF, Grenoble).

From the ex per i ment fol lows that the mod u la tion am -
pli tude in creases with the num ber of lay ers, the lat eral
mod u la tion pe riod <L> = (267 ± 15) C re mains con stant
dur ing the growth, while the width of the lat eral sat el lites
de creases with N as N-0.2 [4].

From this be hav ior it fol lows that the first stages of the
spon ta ne ous mod u la tion of the av er age chem i cal com po si -
tion of a short-pe riod superlattice can not be ex plained as a
re sult of the bunch ing of monolayer steps at the in ter faces.
Most likely, this be hav ior can be as cribed to the ATG in sta -
bil ity, in which the crit i cal wave length of the sur face cor ru -
ga tion, Lcrit de pends on the stress in the grow ing layer,
elas tic con stants and its sur face en ergy. The evo lu tion of
the sur face mor phol ogy of multilayers has been stud ied
only in a linearized ap proach so far [5]. From this ap -
proach, an un lim ited growth of the mod u la tion am pli tude
fol lows, which does not cor re spond to the ex per i men tally
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ob served sta bi li za tion of the mod u la tion am pli tude dur ing
the growth.

We have sim u lated a full non lin ear time evo lu tion
equa tion of the spon ta ne ous lat eral mod u la tion and we
have ob tained the crit i cal wave length Lcrit = 300 C. The

par tic u lar val ues of dif fu sion rate have only weak in flu ence 
on the re sult ing in ter face mor phol ogy. We have also found
that the non lin ear de pend ence of the strain en ergy on the
layer thick ness (wet ting ef fect) has a cru cial in flu ence on
the re sult ing in ter face mor phol ogy. The pa ram e ters of this
non lin ear de pend ence were de ter mined from the fit of the
ex per i men tal data with the sim u la tion and these val ues
were com pared with the atomistic cal cu la tion [6]. The re -
sult ing ex per i men tal and the o ret i cal de pend ence of the
mod u la tion am pli tude on the num ber of superlattice pe ri -
ods is plot ted in Fig. 1.
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The de ter mi na tion of shapes, elas tic de for ma tions, and lo -
cal chem i cal com po si tion of semi con duc tor nanostructures 
(quan tum wires and dots) by x-ray scat ter ing is a chal leng -
ing task re quir ing to use very in tense en ergy-tun able x-ray
sources. The shapes of nanostructures can be stud ied by
small-an gle X-ray scat ter ing (the GISAXS method), while
the elas tic strains and lo cal chem i cal com po si tion can be
de ter mined by dif frac tion (coplanar X-ray dif frac tion or
graz ing-in ci dence dif frac tion). Re cently, new meth ods ap -
peared mak ing use of the pos si bil ity of en ergy tun ing of the 

syn chro tron ra di a tion, namely anom a lous x-ray dif frac tion
close to the ab sorp tion edge and dif frac tion anom a lous fine 
struc ture method (DAFS) mea sur ing the en ergy de pend -
ence of the dif fracted in ten sity just above the ab sorp tion
edge. These meth ods can give di rect in for ma tion on the
chem i cal com po si tion of nanostructures. In the talk, the
scat ter ing meth ods used for nanostructures are briefly sum -
ma rized, il lus trated by ex per i men tal re sults ob tained at
ESRF.
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Fig ure 1. The de pend ence of the mod u la tion am pli tude on the
num ber of superlattice pe ri ods. The cir cles with er ror bars are
the ex per i men tal points ob tained from the X-ray data, the full
line rep re sents the sim u la tions. The dashed line is the evo lu tion
of  the mod u la tion am pli tude cal cu lated in the linearized
approach [5].


