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Th is paper presents the results of investi gations of the radiation e˜e cts
in N H 2 ( C H 3 ) 2 A l( SO4 ) 2 È 6H2 O cr ystals doped w ith chro mium . On the basis
of absorption spectroscopy and resonance Raman scattering study it has been

show n that comparatively low doses of radiation Ùrst of all causes recharging
of C r3 + on Cr 4+ ions. Besides, the pro cesses of dehydrogenation and the
changes in arrangement of the hydrogen bond netw ork w ere observed. T hese
changes are follow ed by distortion of the comple xes b onded by such a typ e

of bonds.

PACS numb ers: 78.40.H a, 64.70.K b, 77.84. {s, 78.30.Hv

1. I n t rod uct io n

Crysta ls of di m ethy lamm onium alum inum sulfate hexahydra te
N H2 ( CH 3 ) 2Al (SO4) 2 È 6H2 O (D MAAS) have been wi dely studi ed recentl y using
di ˜erent experim ental m etho ds [1{ 7].

In parti cular a deta i led structura l inv estigatio n was underta ken in order
to expl ain the occurrenc e of macroscopic polari zati on in thi s compound [8, 9].
It has been ascerta ined tha t D MAAS in the paraelectri c phase is m onoclinic,
P 2 =n wi th the latti ce constants a = 6 : 4 0 8 ¡A, b = 1 0 : 7 5 2 ¡A, c = 1 1 : 1 3 4 ¡A
and a = 1 0 0 : 4 4 [8]. In thi s structure, alum inum ato ms are coordi nated octahe-
dra l ly by six water molecules whi ch form strong hydro gen bonds O{ H. . .O (l ength
2.55{ 2.70 ¡A) wi th the oxyg ens of the sulfate anion, and dim ethyla mmoni um cati ons
are disordered [9]. At T C1 = 152 K the crysta l underg oes a phase tra nsiti on in-
vo lvi ng a reorienta ti on of dim ethyl am monium cati ons, the structure becomes ful ly
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ordered and macroscopic polari zati on app ears [6, 9]. In the works [3{ 5] anomali es
of the di electri c and opti cal parameters at TC 2 = 110:5 K and T 1 = 7 5 K were
found. The low tem perature anom aly was supp osed to be related to the tra nsi ti on
into the anti ferroelectri c phase, whereas the tem perature region between TC 2 and
T 1 was proposed to be characteri sed by a co-exi stence of ferro electri c and anti f er-
roelectri c phases [5]. An addi ti onal phase tra nsi ti on of thi s system at 390 K was
suggested based on the analysis of opti cal absorpti on edge in UV [10].

It has beenderi ved from X- ray investigati on tha t in both paraelectri c and fer-
roelectri c phasesthe six Al { O distances are not equal and the di ˜erences are m ore
pro nounced in the f erroelectri c phase, where the Al { O di stances range from 1.864
to 1.898 ¡A [9]. The expl anati on of these results is not stra ightf orw ard, theref ore
chro m ium doped DMAAS crysta ls were prepa red and thei r spectra l pro perti es
were inv estigated [11]. The tri va lent chrom ium ions, wi th thei r strong coupl ing
to the surro undi ng l igands appeared as the conveni ent probes of sym m etry and
streng th of the crysta l Ùeld. As it fol lows from the data of previ ous spectra l in-
vesti gati ons [11, 12] the sym m etry and the structure of the compl ex around Cr 3 +

in D MAAS :Cr are very simi lar to tho se in ruby crysta l [13]. In both cases one
can observe the di storted octahedra l coordi nati on wi th only di ˜erence tha t the
oxyg en ato m s serving as the l igands in the ruby are replaced by wa ter m olecules
in the investi gated crysta l . Under such circum stances the latter crysta ls should
be considered not only as the m odel f erro ics but also as the m odel materi als of
quantum electroni cs. From thi s point of vi ew study of the ioni zing i rra diati on of
these objects woul d be interesti ng both f or the fundam enta l sol id state physi cs and
for the practi cal appl icati ons.

As it has been shown in [14] the high doses of Û-ray i rra diati on (1 0 6
À

5 È 1 0 7 R, Co-60 isoto pe) are fol lowed by a considerable dim inishi ng of the dielec-
tri c constant as well as the dielectri c dispersion of the undo ped D MAAS crysta ls.
Unf ortuna tel y, the physi cal and chemical nature of thi s phenom enon wa s not ex-
pl ained. Neverthel ess, on the basis of avai labl e data one can conclude tha t the
observed considerable di mini shi ng of the low frequency di spersion shoul d be con-
nected wi th lowering the dom ain mobi li t y under the inÛuence of i rradi ati on. In
the sam e ti me, the decrease in di electri c constant v alues in thi s case is possibl y
connected wi th i rreversi bl e radiochemical changes of the sampl e. Unf ortuna tel y,
the autho rs of the above-mentio ned paper di d not investigate the reversibi l i ty of
the radiati on defects, al tho ugh i t is kno wn tha t such a typ e of compounds wi th
organi c cati on is hardl y stabl e at the used hi gh values of i rra diati on doses. On
the other hand, i t is kno wn tha t such materi als wi th hydro gen bonds app ear to
be very sensiti ve to m uch lower dosesof i rradi ati on [15, 16] m ani festing reversible
radi ati on e˜ects. Under such circum stances i t woul d be conveni ent to study the
inÛuence of low dosesof i rradi ati on on the properti es of D MAAS: Cr crysta ls.

It is necessary to note tha t the spectra l m etho ds are very inf orm ati ve and
e˜ecti ve in resolvi ng the above-m entio ned pro blem. Mo reover, as i t was shown
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in the previ ous inv estigatio ns [11], the D MAAS crysta ls doped wi th chro mium
app eared to be conveni ent f or a study of smal l changes of the m etal coordi nati on
since there is a possibi l i ty to investigate the resonance Ram an scatteri ng. Indeed,
around Ñ = 6 3 6 nm the absorpti on band in the nonpolari zed electroni c spectrum
wa s observed. It m eans tha t for exci ta ti on of the resonance spectra one could use
the hel ium { neon laser (Ñ = 6 3 3 : 8 nm ). Mo reover, in thi s case i t has been found tha t
the bands corresp ondi ng to the vi bra ti ons invol ving the Cr 3 + ion and i ts l igands
app eared to be the m ost intensi ve. Under such circum stances the com pari son of the
resonance spectra of the doped sam ple wi th the Ram an spectra for pure DMAAS
crysta ls would give worth inf orm ati on about the structura l changes includi ng tho se
connected wi th the radiati on e˜ects.

2 . E x per i m en t a l

Single crysta ls of NH 2 ( CH 3 ) 2Al ( SO4) 2 È 6H2 O:Cr 3+ (D MAAS :Cr ) were
grown from a soluti on conta ini ng alum inum sulfate, excess of dim ethyl ammonium
sul fate, and chro mium sul fate at a consta nt tem perature of 303 K by a slow evap-
orati on m etho d. The m olar rati o of Al 3 + :Cr 3 + in soluti on was equal to 1:0.065.
The crysta ll ine platel ets of a -cut of di ˜erent thi cknesses (about 1.5{ 3 m m) were
used in m easurements of the absorpti on spectra. T o avoid the inÛuence of absorp-
ti on water the sam ples were previ ously annealed at the temperatures hi gher tha n
320 K.

The absorpti on spectra of D MAAS: Cr in a vi sibl e region were recorded at
T = 2 9 3 K wi th an SF-26 absorpti on spectro photo meter.

The Ram an scatteri ng spectra were m easured using a com puteri zed D FS-52 M
spectrom eter empl oyi ng a phonon counti ng system . As the source of exci ta ti on the
He{ Ne-laser radiati on wa s used. The spectra l resoluti ons of the spectrom eter was
1 { 2 cm À 1 .

The sampl e was i rra diated by Co-60 isotope wi th an acti vi ty of 1.5 MBk.

3. R esul t s an d d iscu ssio n

The nonp olarized absorpti on spectra of the vi rg in and i rradi ated sampl es
of D MAAS: Cr obta ined at room tem perature (a paraelectri c phase) are shown in
Fi g. 1. These spectra include com parati vely wi de asym metri c bands tha t testi fy
to thei r compl ex structure. The deconvo lutio n of the bands onto the elementa ry
conto urs of Gaussian shape was perform ed usi ng a standard com puter program
package [17] tha t considerably sim pl iÙed the interpreta ti on of the spectra. The
low intensi ty of m ost bands is caused by low chro m ium content as well as by the
selecti on rul es.

From X-ray investigatio ns data [9] i t is kno wn tha t the Al 3 + ions are coor-
di nated octahedra l ly by six water m olecules in the paraelectri c phase of DMAAS
crysta l . The octahedra l sym m etry O h i s accepted as the ini ti al site sym metry for
the Cr 3 + ions substi tuti ng the Al ions. Neverthel ess, as i t appears f rom our
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Fig. 1. Optical absorption spectra of D MA A S:Cr crystals obtained at ro om temp er-

ature in nonp olari zed light for the virgin sample (a) and the samples irradia ted by

di˜erent doses of radiation (b, c). T he solid lines depict the Ùtting curves resulting from

the Gaussian s 1{8 show n by dots.

exp erimenta l data , the Cr(H 2 O ) 3 +
6

octahedron is at least tetra gonal ly distorted
and the site symm etry in thi s case should be D 4 h . The correspondi ng correla ti on
di agram for the energy levels of Cr 3 + ions has been presented in [11]. The electron
tra nsiti ons 4A 2 g ( 4F ) !

4T g ( F ) ; A g ( F ) ! T g ( F ) and A g ( F ) ! T g ( P )

are pari ty forbi dden but spin al lowed. The latest tra nsiti on should corresp ond to
the com parati vely intensi ve band in the spectra overl apped wi th a charge tra nsfer
band form ing the opti cal absorpti on edge. In the sam e ti me one can note tha t the
num ber of bands is hi gher tha n i t is expected f rom the above-m enti oned di agram
for the al lowed electro n tra nsi ti ons. Under such ci rcum stances i t is necessary to
consider also the spin f orbi dden tra nsiti ons between the term s of di ˜erent m ulti -
pl icity . In the T anabe{ Sugano diagram for d ions in the octahedra l Ùeld at the
certa in values of the crysta l Ùeld D q (m ore exactl y D q =B , where B i s R acah pa-
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ram eter) one can observe the cro ssing points of the 4T 2 g ( 4F ); 4T 1 g ( 4F ) term s wi th
the 2E g (2 G ) ; 2T 1 g ( 2 G ) , and T g ( G ) term s [18]. The electron tra nsiti ons f rom
the ini ti al sta te on the latter doubl et levels are spin forbi dden. The results of the
band identi Ùcati on obta ined using both above-menti oned diagram s are presented
in T able I.

TABLE I

It has been found tha t even comparati vely low dosesof i rra diati on incl uding
both Û-quanta and Ù -parti cles cause the considerabl e changes of the spectra in
vi sibl e and UV regions. In result of i rra diati on the new band 8 at a high energy
part of the spectra is clearly separated from the edge of the intensi ve band cor-
respondi ng to the spi n al lowed tra nsiti on. Ano ther interesti ng consequence of the
i rra diati on is suppressing of the almost al l bands corresp ondi ng to the interna l
tra nsiti ons of Cr ion. Thi s tendency is m ost clearl y seen f or the hi gher values of
the irra di ati on doses. It is also im porta nt to note tha t these e˜ects of i rradi ati on
pra cti cal ly disappear af ter keeping of the sampl e at room tem perature duri ng at
least 48 hours (see Fi g. 2).

T aki ng into account tha t the energy di agram of Cr appeared to be very
cl ose to tho se for the ruby crysta ls one could suggest tha t i rra dia ti on woul d lead to
the sim i lar results. The ioni zati on under the inÛuence of Û-rays wo uld be fol lowed
Ùrst of al l by recharg ing of the chro mium ions accordi ng to the scheme:
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Fig. 2. Comparison of the optical absorption spectra of DMA A S:C r crystals obtained

at ro om temp erature in nonp ola rized light for the virgin and irradia ted samples and the

sample kept during 48 hours af ter irradia tion . T he numb er 8 denotes the new bands

arising af ter irradiati on.

The electro n is tra nsferred into the conducti on band over the 2E state of Cr 3 + ion.
In thi s case the bands corresp onding to the interna l tra nsiti ons should be bl eached
tha t is observed in the experim ents. Besides, one could expect an addi ti onal ab-
sorpti on connected either wi th Cr 2 + or wi th Cr 4 + ions charge tra nsfer tra nsiti ons.
Ano ther possibi l i ty would be connected wi th the form atio n of the local ized exci to n
state incl udi ng Cr 4 + ion and electron tra pp ed by the amm onium group. Besides,
one can consider another typ eof the exci to n states ari sing when the electrons f rom
the valent orbi ta ls of the oxyg en ato m s of wa ter m olecul eare local ized on the Cr 3 +

recharg ing i t to Cr 2 + . In thi s case one could also expect the appearance of O À

ions. Neverthel ess, such a possibi l i t y wa s excluded at least for the ruby crysta ls
on the basis of the deta i led investi gatio ns [19]. Mo reover, accordi ng to [19] the
m enti oned new band in the region of high energies 4.23 and 3.86 eV (resp ectively,
Ñ = 2 9 3 and 323 nm , depending on the dose of i rradi ati on) wo uld be related to
the absorpti on of Cr 4 + . The addi ti onal absorpti on connected wi th Cr 2 + in such
a typ e of structures is expected at the energies of 5.07, 3.18{ 3.55, and 2.59 eV
(or at the wa velengths of 245, 350{ 390, and 480 nm , respecti vely) and woul d be
hardl y di vi ded from the bands of Cr ion. In any case there was not observed
any growth of absorpti on at the above-m enti oned energies.

On the other hand, one can note the considerable shift of the new band 8 to-
wa rd the lower energies observed at growth of the i rradi ati on dose. Such behavi our
is characteri sti c exactl y of the exci to nic mechanism of the radiati on e˜ect [20]. In
thi s case i t is clearly seen tha t the new band \ borro ws" intensi ty from the band cor-
respondi ng to the spin al lowed electro n tra nsi ti on A ( F ) T ( P ) for Cr .

In the same ti m e one can suppose tha t for the used very low doses of i r-
radi ati on the f orm ati on of displacement defects and corresp ondi ng F -centres is
exp ected wi th a much lower probabi l i ty tha n the above-m enti oned pro cesses.
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TABLE I I

IdentiÙcation of the bands in the Raman spectra of DMA A S:C r crystal.
Geometry of the experiment: Z ( Y Y ) X + Z ( Y Z ) X .

Frequencies (w ave numb ers), cmÀ 1

V irgin sample I rradiated Band

sample identiÙcation

126

139 142 Lattice vibratio ns

181 183

226,263 216, 242,279 § ( C H3 )

314 316 ¡ 6 (C r{H 2 O)

348 ¡ 6 (C r{H 2 O)

362 372 £(C {N {C )

393 395 (C {N {C )

463 462

513 513 5 (C r{H 2 O)

542 531 5 ( Al{H 2 O )

{ 551 2 (C r{H 2 O)

574 574 2 ( C r{H 2 O)

617 613 2 (A l{H 2 O) or

654 636, 654 (H 2 O)

676,696,737, 751,773,796, 810 681,712, 756,787,807 (H 2 O)

833 832 1 (C r{H 2 O)

871 870 1 (A l{H 2 O )

892, 915,938 895, 923,943 (C {N )

986 988

1015 1032 3 ( Me{H 2 O)

{ 1075

1090 1110

1128 1131 ( C H ) + ( N H )

| denotes the vibration s of sulfate groups.

Addi ti onal inf orm ati on concerni ng radi ati on e˜ects and correspondi ng struc-
tura l changes would be dra wn from the Raman spectroscopy whi ch depending on
the geom etry of exp eriment possessesresonance or so-cal led pre-resonance char-
acter. In Fi g. 3 the Ram an spectra f or the vi rg in and i rra diated sam ples are com -
pared. These spectra for the chosen geom etry possessthe pre-resonance character.
Thei r identi Ùcati on for the vi rg in sam ple was perform ed in [11]. Al tho ugh the i r-
radi ati on do not change drasti cal ly the above-m entio ned spectra (T able I I) one
can note the fol lowi ng changes:
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1. clear spl itti ng of the bands correspondi ng to the to rsi onal vi bra ti on of CH 3

group;

2. the band corresp ondi ng to ¡ 6 (Cr{ H2 O) m ode is shifted toward hi gher fre-
quenci es;

3. the ¡ s
2 mode of sulfate com plex is broadened and shi fted to ward hi gher fre-

quenci es;

4. the vi brati on of water molecules (w - and £ -typ e) are shif ted to ward higher
frequenci es;

5. the ¡ s
1 m ode of sul fate com pl ex is bro adened;

6. the valence vi bra ti ons ¡ 3 (Cr{ H2 O) are shifted to wa rd higher frequenci es;

7. m ore pro nounced spli tti ng of ¡ s
3 m ode of sulfate compl ex;

8. pra cti cal ly al l modes corresp ondi ng to the skeleta l C{ N{ C vi brati ons are
slightl y shi fted to ward higher frequenci es.

The observed e˜ects pra cti cal ly are reversi ble. Thi s concl usion is conÙrm ed
by Fi g. 3b whi ch as an exam ple presents the low frequency part of the Ram an
spectra for vi rg in and irra di ated sampl es as well as the spectra obta ined af ter
48 hours after i rra diati on.

Fig. 3. Raman spectra of the virgin and irradiated samples of DMA A S:C r obtained

at room temp erature (a) and the low frequency part of the same spectra includi ng also

those for the sample kept during 48 hours af ter irradiatio n (b). Orientations and the

corresp ondi ng modes: Z ( Y Y ) X + Z ( ) .

The above-m enti oned experim enta l facts (the i tem s 2, 4, and 6) fa irl y well
correl ate wi th the model based on the recharg ing of the chro mium ion. One could
exp ect tha t the bonds of Cr ion wi th l igands would be stronger tha n for Cr .
In such a case the frequency of the m etal { hydra te com plexes interna l vi bra ti ons
(Ùrst of al l valence vi brati ons) are expected to be hi gher.

On the other hand, under the inÛuence of comparati vely low doses of i r-
radi ati on Ùrst of al l one coul d observe the dehydro genati on pro cess whi ch woul d
inÛuences the vi brati ons of m ethyl groups and water molecule (i tem s 1, 4). As i t
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is clearly seen from Fi g. 3b the e˜ect is reversibl e. It is not odd ta ki ng into ac-
count a hi gh mobi l it y of pro to ns especial ly in such compounds wi th com parati vely
hi gh proto nic conducti vi ty [11]. Unf ortuna tel y i t wa s im possibl e to observe the
dehydro genati on e˜ect for other typ es of organic groups vi brati ons due to com -
parati vel y intensi ve phosphorescence observed at hi gher frequenci es. One can also
supp ose tha t the observed frequency shi ft of both deform ati on and valence skele-
ta l vi brati ons of the di methyl ammo nium group (i tem 8) woul d be related to the
breaki ng of the hydro gen bonds (i ncl udi ng N{ H . . .O bonds) wi th thei r fol lowi ng
relaxa ti on to a certa in new structure. It would change the degree of disorderi ng of
the dim ethyla mmonium com plexes tha t are onl y parti al ly ordered at ro om tem -
perature.

Ano ther interesti ng e˜ect of i rradi ati on concerns the sulfate ion. Accordi ng
to the i tems 3, 5, 7 thi s com plex is consi derabl y distorted obvi ously thro ugh i ts
hydro gen bonds wi th the meta l{ hydra te compl exeswhi ch are stro ngly a˜ected by
i rra diati on.

4. Co n cl u si on

As a resul t of perf orm ed investigati ons i t has been shown tha t Cr 3 + ions
app eared as a conveni ent pro be for the study of structura l changes in the DMAAS
crysta ls arising under the inÛuence of di ˜erent externa l f actors. On the basis of
absorpti on spectroscopy and the Ram an scatteri ng study i t wa s found tha t com -
parati vel y low dosesof radi ati on Ùrst of al l cause recharg ing of Cr 3 + on Cr 4 + ob-
vi ously wi th the form atio n of the local ised exci to n states. On the other hand, the
pro cesses of dehydro genati on occur in resul t o f irra di ati on. Mo reover, the changes
in the arrangement of the hydro gen bond netwo rk are observed tha t leads to the
di storti on of the compl exes bonded by such a typ e of bonds. Al l observed e˜ects
are found to be practi cal ly reversible al tho ugh for the ful l returni ng of the sampl e
to ward the pre-radiati on state at least thi rty days are necessary .
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