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By a combination ofX-band andQ-band ESR investigations it was possible to distinguish between effects
of first and second order in the critical behavior, which are influenced in different ways by the dynamics of the
order-parameter fluctuations. The theoretical analysis is based on a Fourier expansion of the ESR fine-structure
elements in terms of the harmonics of the incommensurate modulation. Second-order perturbation theory for
the evaluation of the ESR spectra was applied. The splitting between the edge singularities should show a
temperature dependence given by the superposition of two different critical contributiBag=a(T;—T)#
+b(T;—T)?A. The second contribution depends on the strength of the external magnetic field. This could be
clearly revealed in the comparison betwe@nand X-band measurements. The influence of the Mn content
Cmn Or of the y-irradiation dosec,, on the splitting of the edge singularities was analyzed.
[S0163-182698)03929-0

l. INTRODUCTION structure splitting of D/gB=(958.5+0.5) G and E/gp
=(32+=2) G. In accordance with the symmetry of the #n
Betaine  calcium  chloride  dihydrate, BCCD, site, the principal axe¥,, andZ,, of the fine-structure tensor
(CH);N"CH,COO CaCl, 2H,0 belongs to the well-known Jie in the (010)-mirror plane, with an angle of 51° between
family of ferroelectric compounds formed by an alpha-aminothe z,,, direction and the crystallographiz axis. The mag-
acid and an inorganic adduct, like for instance trissarcosing@etic X,,, axis is parallel to the crystallographicaxis.
calcium chloride and triegCine SulphajteThe main interest In the first incommensurate|y modulated phase one ob-
in this substance lies in the rich variety of commensuratelyftains the typical line shape with edge singularities. In the
and incommensuratelffC) modulated phases which BCCD previous papers a model was developed to interpret the ob-
exhibits below 164 K. served line shape on the basis of the assumption of two tilt-
It is well known that the properties of IC systems may bejngs of the fine-structure tensor, both of which are coupled
very sensitively influenced by the incorporation of defécts. with the incommensurate modulation wa/&0ne of these
Small amounts of defects shift the N-IC phase temperatur%tations (ang|e A\I}) occurs around the magnetEm axis
T; of the normal(N) to the incommensurate phase and sup-and the other one around the magnétjg axis (angle Ad).
press narrow commensurate and incommensurate phases. fPthese tiltings are coupled directly to the order parameter
the present system Mh ions are very suitable probes. On one expects that the temperature dependence of the ampli-
the one hand they appear as natural impurities in many Caude behaves like the order-parameter amplitugte(T;
compounds as well as in BCCD at Ca sites. Furthermore--T)# with the critical exponen=0.35 as it was investi-
Mn?* ions prove to be appropriate and sensitive ESR probegjated in detail by NMR spectroscagy®> !¢ and which is
On the basis of our previous papers in which ESR line-shapeonsistent with x-ray diffraction studi€<.Our previous ESR
investigations of MA" ions in BCCD in its first incommen- measurements showed that this behavior is found only for
surately modulated phase were reported, the paramagnetice tilting AW about the magnetiZ,,, axis? In contrast, the
properties of the system BCCD:Mih are rather well tilting A® about the magneti¥,, axis showed a temperature
understood:® Mn?* substitutes Cd and is therefore sur- dependence according fob o (T,—T)” with an exponenty
rounded by two Cl atoms, two oxygens of the crystal watewhich depends on the concentration of the defects and which
and two oxygens of the carboxyl groups of the betaines. Idoes not seem to be of physical significance. In this context
the normal phase the €aions and therefore also the ¥h it has to be mentioned that in the previous measurements at
ions are located in thé10)-mirror planes ay=1/4 and 3/4. 9.4 GHz, the treatment of the spectra required an exact di-
The observed ESR-spectra are characterized by a large finagonalization of the spin Hamiltonian due to the very large
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fine-structure interaction and, thus, led to a rather intricate
explanation of the ESR line shape in the IC phase. Therefore,
in order to overcome possible problems in the previous in-
vestigations, ESR measurements in Qeband (34 GH2

were performed.In contrast to theX band, under these con-
ditions the second-order perturbation theory for the analysis
of the spin Hamiltonian is sufficient to describe the spectra in
the high-temperature phase. On this basis also, the line shape
in the first IC phase may be explained unambiguously.

In principle, the line shape in the IC phase depends on all
tensor elements of the fine-structure tensor. In particular, the (a) J
number of relevant parameters that describe the ESR spectra
in the Q band will be smaller and the connection between the
tensor element®;; and the line shape and line splitting be-
comes more clear and definite, if the measurements are per-
formed in a particularly selected orientation. A derivation of
the final equations to describe the line-shape behavior in the
IC phase will be given in Sec. lll. On this basis, a reinter- X
pretation and extension of our previous paper will be pos- L W
sible. }cp

In addition to the study of the effect of the Mn concen- [01‘0]X v
tration on the phase transition the influencejoifradiation b)
on the Mrf"-ESR spectra has been investigated starting from
the known fact that one of the defects created by the irradia- FIG. 1. (a) Orientation of the magnetic axes system
tion is the NCHy); radical, which was already investigated (Xm,Ym,Zn) and the position of the laboratory axes systéf)
by the ESR and electron-nuclear double reson&@BbDOR)  (X,y,2) in the crystallographic axes system,,c). (b) Orienta-
method<$—10 tion of the magnetic axes syste{,{,Y,Zm,) in the incommensu-

rate phase.

[001]

[001]

ll. EXPERIMENT similar to the results given by Walisait all! for the qua-

The BCCD:M#* single crystals were grown by slow drupolar perturbed’Rb NMR measurements of BEnCl,.
evaporation of a saturated aqueous solution. In order to of=xtending the treatment in which Walisefi al. developed a
tain the required concentration of Kin ions different perturbation theory for the quadrupolar Hamiltonian in first
amounts of MnGJ were added to this solution. The crystals Order, in the present case second-order effects on the fine-
grown possess concentrations of Mrwithin the range of structure Hamiltonian have to be considered in the calcula-
0.01—up to 5 mol %. For the investigation of the influence oftion of the ESR spectra.

the y-irradiation defects, BCCD:Mii crystals were used  'he€ line-shape analysis is based on the Fourier expansion
with a content of 0.1 mol % Mn and with an additiong of the fine-structure interaction, which is responsible for the

irradiation by a dose of 0.1, 0.3, 0.5, and 1.0 Mrad. ESR line shape in the IC phase of the system BCCBXMn

In order to investigate the influence of the IC modulation TO select the main contributions in this series it will be nec-
on the fine-structure tensor versus the temperature close gSary to take into account the symmetry properties in the
T, two different types of measurements were run. Inxhe Nnormal (N) and the commensurate ferroelectic) low-
band the ESR line shape of the 5¢3/2 fine-structure tran- emperature phase, i.e., to take advantage of the superspace
sition was measured for an orientation of the magnetic fielYmmetry. According to the symmetry analysis it has been
B, along the magnetic axiZ,,. The —5/2—=—3/2 fine- found that the IC modulation is connected with a tilt of the
structure transition for the orientation of the magnetic fieldfine-structure axiZy out of this(010) plane in the direction
B, along the magnetic axig,, was chosen for the studies in ©f the[010] axis, i.e., a rotation by an angtearound they
the Q band. The ESR measurements were carried out b@Xis of the LF. Note again that, lies in the(010 plane in
means of a Varian E112 spectrometérband and a Bruker ~case of the normal phageee Fig. 18)]. Hence, in relation to

ESP 380 spectrometé® band with a nitrogen flow cryostat the laboratory frame choséfrig. 1(b)] also the off-diagonal
to control the temperature. tensor elemenD,, will play an important role in the line-

shape calculation for the IC phase.
Taking into account the Zeeman term and the fine-

IIl. THEORY structure interaction, the spin Hamiltonian takes the form
All further calculations will be referred to a laboratory — ~ 2 AmA 5 5 >
frame (LF) of coordinates X,y,z) (Fig. 1) with z parallel to H=9gBBoS+SDS=9BBS,+ DS+ DyyS;+ DS

the external magnetic fiel8,, which is identical with the

directions of the principal axesX(,,Ym,Zy) of the Mt Dl S5 55

fine-structure tensor in the high-temperature normal phasi the LF (x,y,z) defined abovdFig. 1(b)].** The tensor

(N). This is achieved by a suitable crystal orientation. elements areD,,=1/3D(2—3 cog6)+E cosé, Dy,=—1/3
The derivation of the final equations for the line shape isD—E, D,,=1/3D(2—3 sirf6)+Esirfd, D,,=(D—E)sin

].12
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Dyx;=Dyzucogv + ¢1). (4)

In Eqg. (3) a termD,, is forbidden because of symmetry.
D,,n is identical to zero in the normal phaéd). As shown
in Ref. 11 the paramete®,,; and D,, show a critical

_ : _ : . : , temperature dependence beldw according to the power
0 2000 4000 6000 8000 |aWS

field [Gauss}

D, (Ti—T)#, ®)

szloc(Ti—T)B, (6)

where 8 is different from 8.1 Within the 3d-XY model
which was found to be applicable to the description of the

8000 ' 10000 12000 14000 N-IC phase transition the values for these critical exponents
field [Gauss] are expected to B&l618
FIG. 2. ESR spectra in th& andQ band at room temperature, B~0.34,
rotation around010], ByllZ,,;—25° and B[ 100]+ 14°, superpo-
sition of both sites. E~0.83.
6 cos 6§, which are simply related with the fine-structure prin- Substitution of Eqgs(3) and (4) into Eq. (2) leads to the
cipal axis frame(Dyx=1/3D—E, Dyy=1/3D+E, D,,=  formula
—2/3D) by a rotation around thg axis with an angled as
already mentioneds is the angle between th&,, axis and B=Bo*6D,,n/(98) +B(v) ™

the direction of the external magnetic fidky (see Fig. 2
In the following the treatment is confined to the 5/3/2

with the function

fine-structure transition with an orientation of the magnetic B(v)=*6D,,c082v + ¢,)/(g3)
field By along the magnetiz axis (Byliz) in the X band and ) -
to the —5/2=—3/2 fine-structure transition in th® band =32 Dyncosv + 1) /(BogB9).

W'th t.he same orientation of the magnetic fieg. Th's The position of the edge singularities can be calculated ac-
simplifies the equations and their discussion. In addition, we

may neglect the rhombic contribution of the fine-structureCording to the conditionsB(v)/dv =0.
y neg . . The midpoint(MP) between the edge singulariti€égS)
tensor as thé& value is small and consider only the case of

axial symmetry can be calculated by an averaging about the inner variable
With BgB=Avh for these transitions we arriveat'* in £q. (7) and provides
Bump=Bo*6D,,n/(9B) — 16/ Bog”B*)[Dynl®.  (8)

B=By*+2D/(gB)(3 cog6—1)+ 1/(B,g?B>)[D3sir* ]
. This position of the MP only depends on the paramBtgy
_ 22 2
32/(Bog?p*)[D?si’0 cos’d]. @) and is independent of the phase factpisand ¢,. Equation
The third term 1/B,gB) [D2sin*d] can be neglected if the (.8) in combination with Eq(6) shows that the MP behaves
angledis small. In BCCD this term is two orders of magni- k€ the square of the order-parameter amplitude.
tude smaller than the fourth term since iz the polar On the other hand, no analytic expression exists for the
angle is<6°. Thus, we can rewrite Eql) as splitting between the edge singulariti&a8g, if no assump-
' tion for the phase®, ¢, is made. In the case @f;= ¢, the
B=B.+6D../ —39D2/(02B2B.). 2 distance between the edge singularities can be described as
0 zz (gﬂ) xz/(g ,8 O) ( ) follows:
According to the treatment by Peterssetral 1! each tensor 5 o )
element is expanded in a Fourier series ABgs=3D;»/(9B) —16(Bog“B°)[Dya]” 9

With Egs.(5) and (6) the splitting between the edge singu-
larities should show a temperature dependence given by the
with the inner variabley (0<v<2) and the tensor ele- superposition of two different critical contributions
mentsD;;y for the normal phast — )

As discussed above only two tensor eleméysandD,, ABes=a(T;—T)P+b(T;—T)*". (10
are relevant in the first IC phase for BCCD:Rkinbecause of
the symmetry of the N phase and the choBgrorientation.
They depend in the following way on the inner variabléf
only ;the lowest term in the Fourier series is taken into ac- ABgs=c(T,—T)” (12)
count:

Dij:DijN+EDijncoinv+(Pn)

In a previous papémwe tried to explain the ES splitting by
an equation like

because we found in the plots of Xtz versus [;—T)
D,,=D,,ntD,C0820 + ¢5), 3 nice straight lines.
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6610 — 77— TABLE I. Fit results according to Eq12) of the temperature-
] dependent ESR measurements in @hévand for BCCD with dif-
6608 4 " 2.5mol-% | ferent Mrf™ concentrations.
e 0.1 mol-%
Mn?* concentration A T, A,
6606 Cyn (Mol %) (GIK) (K) 2B (GIK)
0.01 2.2 164.8 0.67 -0.5
) 6604 0.1 1.9 164.4 0.74 -0.5
g 2.5 1.7 163.6 0.69 -0.3
5 60921 Error +0.2 +0.1  +0.08 +0.2
o 0.1 mol-% Mn
© 6600+ A= -14
= 26 = 0.64 independent which is not valid in our experiments. In the
6598 - high-temperature phag@&l) we have a strong, nearly linear
] 2 5 mol-% Mn shift of the resonance position of the ESR lines. We assumed
. (] . . . .
6596 A= 07 that thg same linear varlla.ltlon occurs also in the IC phase and
2= 063 a_ldded in Eq.(_S) an additional 'FermAz(Ti—'I_'). Hence, we
' fitted the position of the MP with the function
6594 — T
140 145 150 155 160 165 170 BMp:Do(Ti)+A1(Ti_T)ZB_AZ(Ti_T)v

temperature [K] (12

Do(T;)=Byx6D,,\T;,)/gB=const.
FIG. 3. Temperature dependence of the midpoint between the o(To) 0 22N T)/9B

edge singularities in th& band and the fit curves for the manga- The results of the fits are summarized in Table |I.
nese concentrations 2.5 and 0.1 mol %. It should be taken into account that the constant term
Do(T;)=By+6D,,(T;) may vary from sample to sample in
Hence we expect from E@10) an effective critical expo- particular for measurements in th® band because of
nenty in the range between@~0.68 andB~0.83 if both  slightly different probe shapes and probe sizes leading to
prefactors are positive, i.ea,b>0. In the casea>0 and slightly different Q-band ESR frequencies. Furthermore,
b<0 the first term in Eq(10) increases the splitting between the linear shifts in th&-band ESR spectra mentioned above
the edge singularities if it dominates and the second termare not very large and give rise to small additional errors to
tries to decrease the splitting or vice versa if the second terrthe fit parameter. Nevertheless, the critical exporgcan be
in Eqg. (10) dominates. Both cases are possible since the se@stimated rather precisely to i#==0.34+=0.04.
ond term in Eq(10) depends on the external magnetic field. ~The X-band data were analyzed in the same manner al-
As a consequence we expect a different behavior inthe though the second-order perturbation theory is not sufficient.
band and in th& band. The results of the fits are given in Table Il. Despite the
Now we must establish under which assumptions we cainaccuracy of Eq(8) for the X band(see below due to the
expect that the splitting between the edge singularities give greater shifts in th&-band spectra and therefore the greater
straight line in the semilog plots or when we approximateprecision in determining the midpoint between the edge sin-

Eq. (10) by Eg. (11, [a(T;—T)P+b(T,—T)%~c(T, 9ularities, the errors lie in the same range.

—T)7]. This problem was investigated on the basis of simu-

lations. We have obtained the following results, which are B. Temperature dependence of the splitting between the edge
independent of the phase factors in Ef): singularities in the Q band and X band

(1) A function a(T;—T)#+b(T;—T)?#, with a>0 and The splitting of the edge singularitiesBgs is indepen-
b<0, can be analyzed by a functio(T;—T)” in atempera- dent of the temperature dependenceDgf,, and was ana-
ture range of about 10 K beloW, if the ratio of the prefac- lyzed using Egs(10) and (11). The results of the fits are
tors of the power laws { a/b) [Egs.(5) and (6)] or [a/b|  given in Table IIl. The prefactora andb [Eq. (10)] andc
lies in the range from 2.0 to 4.9. [Eq.(11)] decrease drastically with increasing frcontent.

(2) The effective exponeny lies then in the rangey  |In Fig. 4 the experimental data for theband are shown.
<28 which corresponds to the experimentally observed val-
ues of these exponentsee Sec. IV. TABLE IlI. Fit results according Eq(12) of the temperature-

dependent ESR measurements inXhieand for BCCD with differ-

€ :
IV. ANALYSIS OF THE EXPERIMENTAL RESULTS ent Mr¥" concentrations.

A. Temperature dependence of the midpoint between the edge Mn?* concentration A A,
singularities in the Q band and X band Cwn (Mol %) (G/K) 2B (GIK)
The experimentaQ-band results for two different Mi 0.01 1.4 0.64 0.3
concentrationg0.1, 2.5 mol % are shown in Fig. 3. The 25 ~07 0.63 0.4
influence of the manganese concentration is clearly visi- Error +0.2 +0.06 +0.2

ble. In Eq.(8) it was assumed thdD,, is temperature
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TABLE lll. Fit results of the temperature-dependent ESR measurements @ ttend for BCCD with
different Mr?* concentrations.

Mn2+
concentration T;
Cuvn (Mol %) a b —alb a+b (K c y
0.01 20.3 —9.84 2.06 11.2 164.88 18.3 0.32
0.1 21.8 —10.0 2.18 11.8 164.59 14.0 0.41
1.0 15.6 —6.69 2.33 8.9 163.67 9.0 0.46
25 5.21 —2.04 2.55 3.2 162.31 3.3 0.52
Error *0.5 *0.5 +0.2 *1.0 +0.05 *0.5 *+0.05
3n average.

The results of the data fits are given in Tables Ill and IVthe temperature dependence of the order parameter and of
for the Q band and for theX band, respectively. For the fits the respective critical exponents has been performed.
our knowledge about the critical exponengsand 8 was In a first step it was shown that the structural changes near
used(see Sec. Y, i.e., the exponents were fixed to thesethe phase transition are reflected in the fine-structure splitting
values. If the splittings are small and the expongignear  of the ESR spectra of the Mn ions. The analysis and ex-
to 28 a good fit cannot be obtained as is the case of th@lanation of all effects were possible because of the combi-
sample with 5 mol % MA" for measurements in th@ band  nation of theX-band andQ-band ESR measurements. The

which, consequently, was omitted in Table lII. value 8~0.34 found for the order parameter is in complete
agreement with the results of extensive NMR investigations
V. DISCUSSION and x-ray-diffraction studie¥>” In principle, the same struc-

tural information is contained in the fine-structure and qua-
As is well known, the incorporation of paramagnetic de-drupolar tensors. In particular, it could be shown that the
fects is a prerequisite for ESR investigations. In order to usgeneral formalism of the line-shape calculation as developed
these techniques for the study of subtle details on dynamif, Ref. 15 is also applicable for the IC-modulated ESR spec-
properties and structural changes near the phase transitionst#a. In contrast to the quadrupolar perturbed NMR spectra
particular the question has to be answered whether and ighere only first-order quadrupolar effects had to be consid-
which way the mechanism of the phase transition is influ-ered, in this work second order of the perturbation theory for
enced or distorted by the incorporation of paramagnetic dethe spin Hamiltonian was necessary for Mrsites in BCCD
fects and other impuritie€. BCCD crystals doped with crystals. This analysis relies only on the symmetry analysis
Mn?* ions are very suitable in order to estimate the possiblgor the superspace group and on the symmetry of the order
influence of defects. For this reason a careful investigation Obarameter_ The results confirm the interpretation of the non-
classical critical behavior in the IC phase of BCCD in terms

. T of the universality class of thed3X Y model® Since higher-
2251 = 01 mOI'OA’ Mn . ol order effects must be considered in the ESR measurements
200 : ;(5) rngi;‘: xﬁ ] of Mn?*-doped BCCD, contrary to the rather simple situa-
. 5'0 L% Mn t_|0n as pquld_be realized in th_e_ NMR measurer_nen_ts, the ESR
175 ‘ 1 line splitting is the superposition of two contributions. One
— of them tries to increase the splitting and the other leads to a
s 150 - i decrease of the splitting of the edge singularities. Because of
P the second-order perturbation theory one of the contributions
D 254 ] depends on the external magnetic field. This is the reason
» 1 why the measurements in th@ band, in comparison with
£ 1004 - previousX-band studies, gave valuable hints for the interpre-
%_ tation of the line shape and line splitting in the IC phase of
»n 75 . BCCD.
& . ) Furthermore the influence of the Mn content and the
50 . irradiation (Table V) was analyzed. There is a small influ-
a ence of the MA" concentration on the phase-transition tem-
251 ¢ ] peratureT; (see Tables | and Il The results are reproduc-
0 ible and out of the range of the error of abauf.1 K in the
1 T

' — T T T temperature control for th@-band ESR measurements. Al-

0 5 10 15 20 25 though the influence is rather small and, thus, is not of im-
T-TI[K] portance for the further discussion of the measurements in
! the first IC phase of BCCD, it is noted that for increasing

FIG. 4. Temperature dependence of the splitting between théleéfect concentration the subsequent small commensurate
edge singularities in th& band for the manganese concentrationsphase in BCCO2/7 phasgis smeared out and can no longer
0.1, 1.0, 2.5, and 5.0 mol %. Straight lines are the fit results. be detected by ESR measurements unless the Moncen-
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TABLE IV. Fit results of the temperature-dependent ESR measurements K iaed for BCCD with

different Mr?* concentrations.

Mn2+
concentration
Cun (Mol %) a b a+b —alb c Yy
0.01 75.6 —30.75 44.9 2.4 66.4 0.31
0.1 49.0 —-22.1 26.9 2.2 34.8 0.37
1.0 28.7 -9.1 19.6 3.2 21.0 0.48
2.5 14.5 —-3.6 10.9 4.0 8.3 0.58
5.0 9.3 —-2.2 7.1 4.2 5.0 0.73
Error *0.5 *0.5 +0.2 +0.05 *+0.5 +0.05
3n average.

tration is very smallless than about 0.5 mol Reln the fur-
ther analysis of the influence of the Mn contegt, or the y
dosec,, fit parametersa and b from the analysis of the
spectra in the first IC phase were obtaijéd). (10)] which

temperaturd’; only very little. Therefore we can expect that
the other phase transition temperatures are also scarcely af-
fected in case of the present defects and, hence, the phase
diagram of BCCD should not be changed although a distinct

are proportional to the square of the order parameter. Th@ecrease of the amplitude of the order parameter, i.e., of the
graphs in Fig. 5 reveal that the order-parameter amplitude i@Mplitude of the modulation wave, with rising defect con-
indirectly proportional to the defect concentration in the in-Céntration is clearly seen.

vestigated Mn concentration angtdose ranges. The de-

Two phenomenological theories were applied to describe

crease of the amplitude of the order parameter induced by t
defects was also detected by ENDOR investigationsyon
irradiated BCCD at 130 R.Here a decrease of the tilt angle
from ~11° to ~7° was determined. The decrease of the
order-parameter amplitude detected by ESR for BCCD
samples containing 0.1 mol % Mn and, additionally, irradi-
ated with a dose of 1 Mrad, is of the same order of magni-
tude.

Another question concerns the comparison of our result:
with the study of the influence of defect by Schaatlal*°
where bromine instead of chlorine atoms was introduced intc
the crystals of the betaine family. The replacement of bro-
mine (with considerably greater ionic ragifor chlorine at-
oms in BCCD, where a strong dependence of the phase
transition temperatur&; on the bromine concentration was
found, was explained by a negative hydrostatic pressure o
by an increase of the unit-cell dimension because of the bro
mine ion incorporatiof®?!

First of all we have to remember that Rfions are sub-
stituted on C&' sites and are very suitable paramagnetic
sites since their ionic radius is very similar to the ionic radius
of the C&" ions. Hence, drastic effects on the phase diagran
can be ruled out in the case of Mndoping of BCCD crys-
tals. The Mn andy defects influence the phase-transition

TABLE V. Fit results of the temperature-dependent ESR mea-
surements in th€ band for BCCD with a MA™ concentration of
0.1 mol % and an irradiation with different dosesc, .

Gamma-dose

¢, (Mrad) a b atb —alb C

0 49.0
0.1 36.0
0.3 30.5

—221
—-141
—14.3

26.9
23.9
16.2

2.2
2.46
2.12

34.8
213
185

0.37
0.41
0.44

1.45

(prefactor MP) 1/2

1.304

((prefactor ES) 12

N
1

1.40+

1.354

@
i

Hhe phase diagram of BCCD, the ANNNI modelxial- or
anisotropic-next-nearest-neighbor Isiffoand a Landau-type

Q band

IS
L

(prefactor ES) 12

N
N

0

1 2

Mn-concentration Cun

0 1 2
Mn-concentration Con

X band

T

((prefactor ES) 112
D

-
1

\
.
=

B

\o

X band

0

2 4

Mn-concentration Cun

00 02 04 06 08 10
y-dose ¢
Y

0.5 30.1
1.0 24.6

—14.0
—10.2

16.1
14.4

2.44
3.37

13.0
11.3

0.54
0.60

FIG. 5. Dependence of the root of the prefacand the root of
the absolute value of the prefactoron the y dosec, and on the
manganese concentratiog,, in the X band and theQ band.
Straight lines are guides for eyes.
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model proposed by Sanniké¥.Both models do not explain tigation of structural changes and the critical behavior at the
the critical behavior of the HT-IC phase transition but canphase transitions if the contributions of the different harmon-
well reproduce thep-T phase diagram of BCCD. In t_he ics of the incommensurate modulation are taken into ac-
framework of the ANNNI model the values and the signscount. In this way a critical exponent of the order parameter

of the couplingsJ, (in the X,y plane, Jo>0), J; (With  in the system BCCD:Mh of 8=0.34+0.04 was deter-

the next-neighbor perpendicular to tkey plane, J;>0),

mined which is in good agreement with the results of NMR

and J, (with the next-nearest-neighbor perpendicular tognd x-ray measurements on undoped BCCD crystals. For

the x,y plane,J,<0) play the dominant rolé? In this con-

very low (up to ~0.1 mol % Mn?* defect concentrations or

text we must conclude that an increase of the defect concefyoses ofy radiation neither the phase-transition temperature

tration should influence both interaction parametgrsand
J, in such a way that the ratid,/J, is not significantly

and the critical exponent nor the amplitude of the order pa-
rameter are changed. At higher defect concentrat{opsto

changed. In the framework of a phenomenological Landau:_5 5 mol % of Mr#* ions and 1 Mrady doses no influence

type model proposed by Sannikda decreasing amplitude

on the critical exponeng could be found and the transition

. o Stgmperature is changed no more than about 1 K. The ampli-
only very weakly. Our experimental situation seems to 9%, de of the order parameter, however, varies approximately

\éery vx_/ell ‘?"t? t;hegAreFtlcal predd'Ct'%nS %f rectent !?tt'ce.'tinversely proportional to the defect concentration. This result
ynamic calcuiations. =or secona-order phase ransiions 1o 1.4 consistent with recent theoretical work.

has been analytically shown that the static critical exponents
are not changed for a low defect concentration, and only a

decrease of the amplitude of the order parameter is to be

expected.

VI. CONCLUSIONS
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