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Abs tract

Meth ods of struc ture de ter mi na tion from pow der dif frac -
tion of non-mo lec u lar com pounds (inorganics, ex tended
sol ids, intermetallic com pounds etc.) are dis cussed. Di rect
space meth ods do not need pow der pat tern de com po si tion,
and are based on a global op ti mi za tion of a struc tural model 
to im prove the agree ment be tween the ob served and cal cu -
lated dif frac tion pat terns. The suc cess of the method de -
pends very much on a proper mod el ing of the struc ture
from build ing blocks. The mod el ing from larger build ing
blocks im proves the con ver gence of the global op ti mi za -
tion al go rithm by a fac tor of up to ten. The cor rect ness of
the build ing block like its ri gid ity, de for ma tion, bond ing
dis tances and ligand iden tity must be ex am ined care fully.
Dy nam i cal Oc cu pancy Cor rec tion im ple mented in the di -
rect space pro gram FOX has shown to be use ful when
merg ing ex cess at oms, and even larger build ing blocks like
co or di na tion poly he dra. It al lows also join ing smaller
blocks into larger ones in the case when the con nec tiv ity is
not a pri ori ev i dent from the struc tural model. 

In tro ducti on

Pow der dif frac tion us ing X-rays and neu trons plays a ma -
jor role in the search of new ma te ri als which are not avail -
able in the form of sin gle crys tals. More over, most of the
in dus trial ap pli ca tions of in or ganic and or ganic com -
pounds are in the form of polycrystalline ma te ri als (for ex -
am ple metal hy drides for stor age and bat tery ap pli ca tions,
me tal lic and intermetallic com pounds in in dus try, thin
films, or ganic com pounds in phar ma ceu ti cal in dus try etc.). 
Struc ture de ter mi na tion from pow der dif frac tion (SDPD)
is more dif fi cult than struc ture de ter mi na tion on sin gle
crys tals, be cause the avail able data are a pro jec tion of a
three- di men sional dif frac tion pat tern onto one di men sion
(ra dial dis tance from the re cip ro cal space or i gin), and con -
se quently the dif frac tion peaks over lap. The ex trac tion of
struc ture fac tor am pli tudes can be fur ther com pli cated by a
broad en ing (of ten anisotropic) due to the crys tal lat tice de -
fects. Two al ter na tive so lu tions of this prob lem ex ist when
try ing to solve a crys tal struc ture from pow der data: Ei ther
we try to im prove the de com po si tion of the ob served pow -
der pat tern into in di vid ual peaks, or we try to model the ob -
served pat tern as a whole. Con se quently the meth ods of
SDPD can be di vided into two groups ac cord ing to the
work ing space as can be found in [1] and ref er ences
therein:

- Re cip ro cal space meth ods (RSM): They use pro ce -
dures de vel oped for sin gle crys tal data like di rect meth ods
or Patterson syn the sis, and op ti mized for pow der data.
They need struc ture fac tor am pli tudes ob tained by pow der
pat tern de com po si tion.

- Di rect space meth ods (DSM): Dif fer ent al go rithms for 
a search in the di rect space of struc tural pa ram e ters are
used, and an agree ment fac tor be tween the ob served and
cal cu lated pow der dif frac tion data is eval u ated, and the
struc tural model is op ti mized to im prove the agree ment.

In this talk we will con cen trate on the sec ond case and
on the com pounds which do not con tain iso lated mol e cules
(ex tended sol ids), i.e. most of in or ganic com pounds. The
mo lec u lar com pounds like organics, or hy brids like co or di -
na tion poly mers and metal or ganic frame works, are in prin -
ci ple treated by the same ap proach. The mol e cules are
de scribed by in ter nal co or di nates, knowl edge of mol e cule
con for ma tion ob tained by other meth ods is ac tively used as 
well as or ganic struc ture da ta bases and en ergy minimi -
zation of mo lec u lar crys tals. 

Some De fi ni ti ons
 (from A. Le Bail talk on ESCA-9, Egypt 2004):

Some times the “di rect space meth ods” (not to be con fused
with the di rect meth ods) are called “global op ti mi za tion
meth ods” or “model build ing meth ods”, and even some -
times “real space meth ods”. “Di rect space” was the def i ni -
tion re tained in the pi o neer ing pa pers. “Di rect space” as
op posed to “re cip ro cal space” has an ad e quate crys tal lo -
graphic struc tural sense, and should be pre ferred to “real
space”, which, op posed to “imag i nary” would call to mind
both parts of the dif fu sion fac tors. “Global op ti mi za tion”
has a large sense and des ig nates the task of find ing the ab -
so lutely best set of pa ram e ters in or der to op ti mize an ob -
jec tive func tion, a task not at all lim ited to crys tal log ra phy.

Un der the name di rect space meth ods we will not un -
der stand the in ter pre ta tion of elec tron den sity or Patterson
maps by search for mo lec u lar frag ments, even if they work
in di rect space and use the global op ti mi za tion al go rithm
like ge netic al go rithm. These meth ods still needs the struc -
ture am pli tudes, i.e. de com po si tion of a pow der pat tern,
which is avoided by di rect space meth ods men tioned here.

His to ry

The first suc cess ful at tempt to solve a crys tal struc ture by
an au to matic (not man ual!) lo cal iza tion of a build ing block
(rigid mol e cule) in the di rect space can be seen in the pro -
gram RISCON [2] which was then mod i fied for pow der
data as P-RISCON [3]. The op ti mi za tion al go rithm used
was the con strained least-squares re fine ment, which is lim -
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ited to struc tures not big ger than 10 in de pend ent at oms and
re sulted in only ap prox i mate atomic po si tions.

The au thors of ref. [4] were one step from be ing the first 
us ing a true global op ti mi za tion al go rithm – sim u lated an -
neal ing (SA) for struc ture so lu tion from pow der data.
How ever, they did not be lieved to the power of the method: 
“At pres ent the method is not ef fi cient enough for use in
most prac ti cal prob lems of ab-in itio struc ture de ter mi na -
tion.” The au thors have used SA for struc ture pre dic tion
based on the op ti mi za tion of the crys tal po ten tial en ergy.
So, the first use of a global op ti mi za tion al go rithm (SA) in
the struc ture so lu tion from pow der data be longs to
Newsam et al. [5] even if the struc ture solved in the pa per
was known and small (ben zene). Later on the di rect space
method of struc ture so lu tion from pow der data de vel oped
rap idly, us ing dif fer ent al go rithms like Monte Carlo (MC)
search [6] and ge netic al go rithm (GA) [7]. An es sen tial
step for ward was achieved by ap ply ing the de scrip tion of
struc tural blocks by in ter nal co or di nates like bond dis -
tances, an gles and tor sion an gles by [8] al low ing so a di rect 
ste reo-chem i cal in ter pre ta tion and/or con strain ing of op ti -
mized struc tural pa ram e ters. Since that, the list of pro grams 
deal ing with di rect space meth ods of struc ture so lu tion
from pow der (but also sin gle crys tal) X-ray and/or neu tron
dif frac tion data con tin ues to grow. For re view see
www.cristal.org or www.ccp14.ac.uk. 

Prin ci ples

The di rect space meth ods are based on lo ca tion of build ing
blocks in the el e men tary cell by us ing ran dom or sys tem -
atic moves and/or mod i fi ca tions of the blocks, and com par -
i son of cal cu lated and ob served dif frac tion pat terns and/or

other cost func tions (CF) like crys tal en ergy, atomic co or -
di na tion etc (Fig ure 1). Based on a “fit ness” of the cur rent
struc tural model the de ci sions are taken how to im prove the 
model. Gen er ally said, it is a global op ti mi za tion prob lem
of a great com plex ity, where the al go rithm must ex plore a
hypersurface (see Fig ure 1) which de scribes the “cost” of
the model as a func tion of all struc tural pa ram e ters (see
chap ter 15.6 in ref. [1]), and find its global min i mum. A
flow chart rep re sent ing a typ i cal im ple men ta tion, like in
pro gram FOX  [9], of the global op ti mi za tion ap proach to
the crys tal struc ture so lu tion from pow der dif frac tion data
is given in Fig ure 2. 

Two al go rithms of the global op ti mi za tion have found
larger ap pli ca tion in the SDPD:

Si mu la ted an ne a ling and Pa ral lel Tem pe ri ng

SA and PT al go rithms are both based on MC sam pling, ear -
lier known as “sta tis ti cal sam pling” (for re view, see ref.
[10]). The first, and now widely used, al go rithm of the MC
sam pling is based on Boltzmann dis tri bu tion, and is known
as Me trop o lis al go rithm [11]. The MC sam pling as ap plied
in SDPD is also called Re verse Monte Carlo [12], be cause
the sys tem is mod i fied by ran dom changes un der the con -
straint of ob served data, like dif frac tion pat tern. A flow
chart of the Me trop o lis al go rithm ap plied to SDPD is given
in Fig ure 3.

The mod i fi ca tion of SA called par al lel tem per ing al go -
rithm (PT) was first used in the SDPD in ref. [13]. The prin -
ci pal ad van tage of PT al go rithm within the SDPD
com pared to SA al go rithm is its gen er al ity for any type of
prob lem; no pa ram e ters like an neal ing rate, start ing tem -
per a ture, are re quired. The al go rithm is also gen er ally able
to es cape from the lo cal min ima in the pa ram e ter space [9].
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Fig ure 1. Solv ing a struc ture ab-in itio in di rect space im plies de scrib ing the struc ture through a num ber (N) of De -
grees of Free dom (DoF): trans la tion and ro ta tion of the mol e cule or poly he dron, and in ter nal DoF like tor sion an gles,
bond length and bond an gles. These pa ram e ters must then be ran domly changed in or der to find the min i mal cost (usu -
ally the best agree ment be tween the cal cu lated and ex per i men tal pow der pat tern). This cor re sponds to ex plor ing a
N-di men sional hypersurface un til the global min i mum is found. The sur face rep re sented here cor re sponds to a 2D cut
of the hypersurface cor re spond ing to the variation of one torsion angle and one trans la tion.



Evo lu ti o na ry the o ry – ge ne tic al go ri thm

GA form a sub set of broader classes of global-op ti mi sa tion
strat e gies called pop u la tion-based meth ods, and evo lu tion -
ary al go rithms.  The con cept of GA fol lows the old idea of
min i miz ing hu man ef forts in solv ing dif fi cult sci en tific and 
tech ni cal prob lems by learn ing from the na ture. The ge -
netic com pu ta tion pro ceeds in the space of (usu ally bi nary
coded) vari ables. It mim ics the evo lu tion of liv ing or gan -
isms rep re sented by the points in this space (trial so lu tions). 
In the be gin ning, a pop u la tion of in di vid u als (called also

chro mo somes, agents...), which may rep re sent trial so lu -
tions of the op ti mi sa tion task, is gen er ated. Next gen er a -
tions are suc ces sively cre ated us ing sim pli fied prin ci ples of 
plant or an i mal (Dar win ian) evo lu tion. The cal cu la tion is
ter mi nated by ap pli ca tion of a suit able stop con di tion. The
ba sic ge netic op er a tors used in for ma tion of each new pop -
u la tion in clude se lec tion, cross over and mu ta tion.  GA was
first used for SDPD in refs. [7] and [14]. A flow chart of the 
ge netic al go rithm ap plied to SDPD is given in Fig ure 4.
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Fig ure 2. A typ i cal flow chart of a di rect space method as ap plied to SDPD, case of the pro gram FOX [9].
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Mo de ling non-mo le cu lar structu re

The mod el ling of non-mo lec u lar com pounds is by na ture
com plex: this is due to the fact that they are ex tended sol -
ids, and there fore no ‘ob vi ous’ group of at oms (like a mol e -
cule) can be iso lated to be used as a build ing unit (BU) for
the en tire struc ture. This does not in duce a par tic u lar dif fi -
culty for ab in itio struc ture so lu tion meth ods work ing en -
tirely in re cip ro cal space (RSM). How ever, it be comes a
dif fi culty for the meth ods work ing en tirely in di rect space
(DSM) and us ing a pri ori chem i cal knowl edge about the
com pound. The struc ture so lu tion al go rithm work ing in di -
rect space has to know how to de fine ba sic struc tural blocks 
of the crys tal, BUs, which are then ma nip u lated (op ti -
mized) by the al go rithm. More over, the pres ence of high-
 or der sym me tries leads to a frag men ta tion of these BUs, as
any group of atom (e.g. an octahedron) can be lo cated on a
sym me try el e ment, so that only part of the at oms of a sym -
me try-con strained BU are truly in de pend ent. Fi nally, the
ac tual ar range ment in space be tween BU and rel a tively to
the sym me try el e ments of the unit cell, are a pri ori un -
known.

The ba sic prin ci ples to be fol lowed when choos ing the
BU are the fol low ing:

• the model must de scribe the struc ture with few pa -
ram e ters (de grees of free dom or DoF), so that the pa -
ram e ter space to ex plore is as small as pos si ble,

• the ba sic build ing units must al low to ex ploit any a
pri ori chem i cal knowl edge about the ma te rial, to pro -
vide an chem i cally un am big u ous so lu tion,

• all BUs must be con structed so that they can eas ily be 
linked to other BUs, in or der to form an ex tended
solid. This in cludes bond ing with them selves in the
pres ence of a sym me try el e ment.

Buil ding units

The choice of a BU is easy when iso lated mol e cules are
pres ent in the crys tal like in or ganic or co or di na tion com -
pounds where the mol e cules are eas ily de scribed by a fi nite 
num ber of the in ter nal mo lec u lar co or di nates (bond ing dis -
tances, an gles and tor sion an gles . A mol e cule is nat u rally a 
well de fined BU that can be moved in the unit cell, and de -
formed by mod i fy ing tor sion an gles. No shar ing of at oms
be tween the mol e cules oc curs. 

The sit u a tion be comes rather un clear when one tries to
model the crys tal struc ture of a non-mo lec u lar com pound.
The def i ni tion of BU for a crys tal like iron or so dium chlo -
ride is not un am big u ous: should it be one atom, the first co -
or di na tion sphere of each atom, a struc tural sheet of fi nite
thick ness, the asym met ric unit ? Pauling [15] was at the or i -
gin of the con cept of BU when he de fined the co or di na tion
poly he dra for the de scrip tion of struc tures, and stated the
Pauling’s rules. Co or di na tion poly he dra, typ i cally the first
co or di na tion spheres, of se lected at oms, which will gen er -
ate the whole in or ganic crys tal struc ture, can al ways be
iden ti fied. These poly he dra will share cor ners, edges or
faces in close packed crys tals and frame works but can be
also cho sen as iso lated as in ionic crys tals con tain ing com -
plex ions. A wide range of poly he dra can be de fined, and
these are nat u rally de scribed us ing again bond dis tances,
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an gles and tor sion (di hed ral) an gles. The type of atomic co -
or di na tion in the non-mo lec u lar crys tals can be very of ten
pre dicted from their chem i cal for mula, cationic va lence
state, known struc ture of a sim i lar com pounds and all avail -
able spec tro scopic meth ods, lo cally sen si tive, like NMR,
EXAFS, Mössbauer spec tros copy etc. Def i ni tion of BU is
easy for tet ra he dral frame works like zeolites, where the
con cept of pri mary build ing units (PBU) and sec ond ary
build ing units (SBU) is used. In the case of zeolites a PBU
is TO4 tet ra he dron (T be ing a tet ra he dral atom), and SBUs
are var i ous frag ment of the ze o lite frame work built from
PBU with the aim to use as few SBU as pos si ble, ide ally
just one, to build up the whole frame work [16]. 

The con cept of PBU and SBU may be used also for
mod el ing an ex tended solid for struc ture so lu tion pur pose.
In DSM the PBU are care fully se lected from crys tal chem -
is try knowl edge of the com pound un der ques tion, and are
used as rigid or semi-rigid blocks which are then lo cal ized
by the global op ti mi za tion al go rithm within the crys tals
struc ture (unit cell) of the com pound. The SBU may be
used in the same way, i.e. as blocks con structed from PBU
or as ad di tional in for ma tion (re straint) in the global op ti mi -
za tion al go rithm. Var i ous SBU are pos si ble like iso lated
poly he dral clus ters, in fi nite poly he dral chains, sheets or
frame works. A cor rect choice of PBU is im por tant for cor -
rect de scrip tion of a pri ori un known struc ture, and may be -
come de ci sive for the con ver gence of the global opti mi-
 zation al go rithm.

The fi nal choice is not triv ial, par tic u larly due to the
pres ence of spe cial po si tions. The use of a dy nam i cal oc cu -
pancy cor rec tion (DOC) [9] sim pli fies the prob lem as it is
no lon ger nec es sary to man u ally ad just the oc cu pancy of
at oms fall ing in a spe cial po si tion, and also makes two
iden ti cal el e ments fully over lap ping half-oc cu pied to be
“seen” by the dif frac tion as a sin gle atom. DOC has re -
vealed to be very pow er ful in the case when the ex act com -
po si tion of the stud ied com pound is a pri ori not known
ex actly, like hy dro gen in metal hy drides ob tained by the
hy dro gen ab sorp tion in a me tal lic ma trix or even larger
build ing blocks like co or di na tion poly he dral (for ex am ples 
see ref. [9]).

The o ret i cally, this means that it is pos si ble to add more
at oms than ini tially deemed nec es sary, ex pect ing the DOC
to ar ti fi cially “merge” the ex cess at oms. In prac tice, add ing 
too many at oms will slow down the op ti mi za tion, as more
at oms have to fall in the cor rect po si tion to find the cor rect
struc ture. This also im plies that if some at oms are shared
be tween poly he dra, a choice should be made on where the
bridg ing at oms should be used.

Structu re va li dati on – help of the o re ti ci ans

The crys tal struc ture solved from pow der dif frac tion data
must be val i dated. The first step is done in the re cip ro cal
space as it is the eval u a tion how well the struc tural model
ex plains the ob served pow der dif frac tion data. It is the nec -
es sary but not suf fi cient con di tion . There are a num ber of
sta tis tics which can be used to as sert how good is the agree -
ment be tween ob served and cal cu lated dif frac tion data, the

most com monly used be ing the c2 and Rwp [17]. How ever,
these must be used with a care. A “good” Rwp value will de -
pend a lot on the qual ity and type of pow der pat tern re -

corded –– a 12% may be very good for a syn chro tron pow -
der pat tern with a very low noise, but would be very bad
with neu tron or lab o ra tory data with a high back ground. It
is also pos si ble to com pare the fi nally ob tained Rwp to the
value ob tained us ing pro file-fit ting [18]. In prac tice, the
best tool to eval u ate how good a fit is still the eye of an ex -
pe ri enced crys tal log ra pher [19].

The sec ond step of the val i da tion is the anal y sis of the
crys tal struc ture it self in the di rect space:

– Are there at oms “col lid ing” each other? If DSM re -
peat edly finds a global so lu tion with at oms over lap ping, an
anti-bump pen alty (see for ex am ple ref. [9]) can be used to
avoid this so lu tion. Note that this should only hap pen if the
qual ity of the pow der pat tern is in suf fi cient, and there fore
in cludes in suf fi cient in for ma tion to “lock” the DSM al go -
rithm to the cor rect so lu tion.

– Do the atomic en vi ron ments make sense? A pen alty
based on bond va lence sum cal cu la tion [4] can point out
un likely con fig u ra tion. Again, if va lences are known a pri -
ori, this can be used as a cri te rion for the DSM op ti mi za tion 
of the struc ture.

The third step should be a post-ex per i men tal op ti mi za -
tion of the struc ture based on crys tal en ergy minimization
like DFT. It helps to val i date new struc tures, lo cate light at -
oms (hy dro gen), es pe cially when us ing high-pres sure dif -
frac tion data, and even cor rect the sym me try and some
struc tural de tails.The post-ex per i men tal DFT-op ti mi za tion 
of the in or ganic crys tal struc tures al lows achiev ing the
global min i mum in the Rietveld re fine ment which is not
eas ily vis i ble from the dif frac tion data only, and can be thus 
highly rec om mended.

Conclu si on and per specti ves

Struc ture de ter mi na tion of non-mo lec u lar com pounds
from pow der dif frac tion data has un der gone an in ten sive
de vel op ment in last 30 years. First ap ply ing the re cip ro cal
space meth ods, which were op ti mized to work with lower
qual ity data ob tained from pow der dif frac tion pat terns
(like pro grams SIRPOW-EXPO [20], DOREES- POWSIM 
[21] and XLENS [22]), and with no im por tant dif fer ence
when ap plied to mo lec u lar or non-mo lec u lar crys tals. Fol -
low ing the pi o neer ing works of Pannetier et al. [4] and
mainly of Newsam et al. [5] the di rect space method has
rap idly evolved, and con tin ues still to be de vel oped, as an
user-friendly tool for SDPD of non-mo lec u lar crys tals. The 
main prin ci ples are again the same as for mo lec u lar crys -
tals, how ever, some spe cials tools were nec es sary to de -
velop for treat ment of spe cial crys tal lo graphic po si tions,
shar ing of at oms be tween dif fer ent build ing blocks like co -
or di na tion poly he dra, and for cor rect op ti mi za tion of dis or -
dered atomic po si tions. Cur rent (known) lim its of di rect
space meth ods are around 30-100 in de pend ent at oms. The
suc cess de pends on the qual ity of the dif frac tion data and
even more on the amount of the ad di tional chem i cal in for -
ma tion (knowl edge about struc tural build ing blocks) in -
jected into the struc ture so lu tion pro cess. The same is true
for the re cip ro cal space meth ods. How ever, the use of the
ad di tional in for ma tion, like atomic co or di na tion, in ter -
atomic dis tances, an gles, is eas ier and nat u ral when work -
ing in di rect space, the space where this in for ma tion co mes
from. Among the cur rent chal lenges and pros pects of
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SDPD be longs ac tive mod el ing of pre ferred ori en ta tion,
ac tive evo lu tion of the struc tural model dur ing the op ti mi -
za tion, im prove ment of the op ti mi za tion al go rithm, and
speed ing up the cal cu la tion. All these de vel op ments may
pro ceed to wards an au to matic SDPD con nected with the
struc ture pre dic tion. Ac tual state of knowl edge, how ever,
still re quires ac tive in ter ac tion of an ex pe ri enced crys tal -
log ra pher.
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