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Interpretation of the temperature dependence of Mn21 high-field ESR spectra in the first
incommensurately modulated phase of betaine calcium chloride dihydrate
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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 contributions:DBES5a(Ti2T) b̄

1b(Ti2T)2b. The second contribution depends on the strength of the external magnetic field. This could be
clearly revealed in the comparison betweenQ- andX-band measurements. The influence of the Mn content
cMn or of theg-irradiation dosecg on the splitting of the edge singularities was analyzed.
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I. INTRODUCTION

Betaine calcium chloride dihydrate, BCCD
~CH!3N

1CH2COO2CaCl2 2H2O belongs to the well-known
family of ferroelectric compounds formed by an alpha-am
acid and an inorganic adduct, like for instance trissarcos
calcium chloride and triglycine sulphate.1 The main interest
in this substance lies in the rich variety of commensurat
and incommensurately~IC! modulated phases which BCC
exhibits below 164 K.2

It is well known that the properties of IC systems may
very sensitively influenced by the incorporation of defect3

Small amounts of defects shift the N-IC phase tempera
Ti of the normal~N! to the incommensurate phase and su
press narrow commensurate and incommensurate phase
the present system Mn21 ions are very suitable probes. O
the one hand they appear as natural impurities in many
compounds as well as in BCCD at Ca sites. Furtherm
Mn21 ions prove to be appropriate and sensitive ESR prob
On the basis of our previous papers in which ESR line-sh
investigations of Mn21 ions in BCCD in its first incommen-
surately modulated phase were reported, the paramag
properties of the system BCCD:Mn21 are rather well
understood.4,5 Mn21 substitutes Ca21 and is therefore sur
rounded by two Cl atoms, two oxygens of the crystal wa
and two oxygens of the carboxyl groups of the betaines
the normal phase the Ca21 ions and therefore also the Mn21

ions are located in the~010!-mirror planes aty51/4 and 3/4.
The observed ESR-spectra are characterized by a large
PRB 580163-1829/98/58~5!/2556~7!/$15.00
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structure splitting of D/gb5(958.560.5) G and E/gb
5(3262) G. In accordance with the symmetry of the Mn21

site, the principal axesYm andZm of the fine-structure tenso
lie in the ~010!-mirror plane, with an angle of 51° betwee
the Zm direction and the crystallographicc axis. The mag-
netic Xm axis is parallel to the crystallographicb axis.

In the first incommensurately modulated phase one
tains the typical line shape with edge singularities. In t
previous papers a model was developed to interpret the
served line shape on the basis of the assumption of two
ings of the fine-structure tensor, both of which are coup
with the incommensurate modulation wave.4,6 One of these
rotations ~angle DC! occurs around the magneticZm axis
and the other one around the magneticYm axis ~angleDF!.
If these tiltings are coupled directly to the order parame
one expects that the temperature dependence of the am
tude behaves like the order-parameter amplitudeh}(Ti
2T)b with the critical exponentb50.35 as it was investi-
gated in detail by NMR spectroscopy11,15,16 and which is
consistent with x-ray diffraction studies.5,7 Our previous ESR
measurements showed that this behavior is found only
the tilting DC about the magneticZm axis.4 In contrast, the
tilting DF about the magneticYm axis showed a temperatur
dependence according toDF}(Ti2T)g with an exponentg
which depends on the concentration of the defects and w
does not seem to be of physical significance. In this con
it has to be mentioned that in the previous measuremen
9.4 GHz, the treatment of the spectra required an exact
agonalization of the spin Hamiltonian due to the very lar
2556 © 1998 The American Physical Society
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fine-structure interaction and, thus, led to a rather intric
explanation of the ESR line shape in the IC phase. Theref
in order to overcome possible problems in the previous
vestigations, ESR measurements in theQ band ~34 GHz!
were performed.6 In contrast to theX band, under these con
ditions the second-order perturbation theory for the anal
of the spin Hamiltonian is sufficient to describe the spectra
the high-temperature phase. On this basis also, the line s
in the first IC phase may be explained unambiguously.

In principle, the line shape in the IC phase depends on
tensor elements of the fine-structure tensor. In particular,
number of relevant parameters that describe the ESR sp
in theQ band will be smaller and the connection between
tensor elementsDi j and the line shape and line splitting b
comes more clear and definite, if the measurements are
formed in a particularly selected orientation. A derivation
the final equations to describe the line-shape behavior in
IC phase will be given in Sec. III. On this basis, a reinte
pretation and extension of our previous paper will be p
sible.

In addition to the study of the effect of the Mn conce
tration on the phase transition the influence ofg irradiation
on the Mn21-ESR spectra has been investigated starting fr
the known fact that one of the defects created by the irra
tion is the Ṅ~CH3!3 radical, which was already investigate
by the ESR and electron-nuclear double resonance~ENDOR!
methods.8–10

II. EXPERIMENT

The BCCD:Mn21 single crystals were grown by slow
evaporation of a saturated aqueous solution. In order to
tain the required concentration of Mn21 ions different
amounts of MnCl2 were added to this solution. The crysta
grown possess concentrations of Mn21 within the range of
0.01–up to 5 mol %. For the investigation of the influence
the g-irradiation defects, BCCD:Mn21 crystals were used
with a content of 0.1 mol % Mn and with an additionalg
irradiation by a dose of 0.1, 0.3, 0.5, and 1.0 Mrad.

In order to investigate the influence of the IC modulati
on the fine-structure tensor versus the temperature clos
Ti , two different types of measurements were run. In theX
band the ESR line shape of the 5/2
3/2 fine-structure tran-
sition was measured for an orientation of the magnetic fi
B0 along the magnetic axisZm . The 25/2
23/2 fine-
structure transition for the orientation of the magnetic fie
B0 along the magnetic axisZm was chosen for the studies i
the Q band. The ESR measurements were carried out
means of a Varian E112 spectrometer~X band! and a Bruker
ESP 380 spectrometer~Q band! with a nitrogen flow cryostat
to control the temperature.

III. THEORY

All further calculations will be referred to a laborator
frame~LF! of coordinates (x,y,z) ~Fig. 1! with z parallel to
the external magnetic fieldB0 , which is identical with the
directions of the principal axes (Xm ,Ym ,Zm) of the Mn21

fine-structure tensor in the high-temperature normal ph
(N). This is achieved by a suitable crystal orientation.

The derivation of the final equations for the line shape
e
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similar to the results given by Walischet al.11 for the qua-
drupolar perturbed87Rb NMR measurements of Rb2ZnCl4.
Extending the treatment in which Walischet al. developed a
perturbation theory for the quadrupolar Hamiltonian in fi
order, in the present case second-order effects on the
structure Hamiltonian have to be considered in the calcu
tion of the ESR spectra.

The line-shape analysis is based on the Fourier expan
of the fine-structure interaction, which is responsible for t
ESR line shape in the IC phase of the system BCCD:Mn21.
To select the main contributions in this series it will be ne
essary to take into account the symmetry properties in
normal ~N! and the commensurate ferroelectric~C! low-
temperature phase, i.e., to take advantage of the supers
symmetry. According to the symmetry analysis it has be
found that the IC modulation is connected with a tilt of th
fine-structure axisZm out of this~010! plane in the direction
of the @010# axis, i.e., a rotation by an angleu around they
axis of the LF. Note again thatZm lies in the~010! plane in
case of the normal phase@see Fig. 1~a!#. Hence, in relation to
the laboratory frame chosen@Fig. 1~b!# also the off-diagonal
tensor elementDxz will play an important role in the line-
shape calculation for the IC phase.

Taking into account the Zeeman term and the fin
structure interaction, the spin Hamiltonian takes the form

Ĥ5gbB0Ŝ1ŜDŜ5gbB0Sz1DxxSx
21DyySy

21DzzSz
2

1Dxz~SxSz1SzSx!

in the LF (x,y,z) defined above@Fig. 1~b!#.12 The tensor
elements areDxx51/3D~223 cos2u)1E cos2u, Dyy521/3
D2E, Dzz51/3D~223 sin2u)1E sin2u, Dxz5~D2E!sin

FIG. 1. ~a! Orientation of the magnetic axes syste
(Xm ,Ym ,Zm) and the position of the laboratory axes system~LF!
(x,y,z) in the crystallographic axes system (a,b,c). ~b! Orienta-
tion of the magnetic axes system (Xm ,Ym ,Zm) in the incommensu-
rate phase.
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u cosu, which are simply related with the fine-structure pri
cipal axis frame~DXX51/3D2E, DYY51/3D1E, DZZ5
22/3D! by a rotation around they axis with an angleu as
already mentioned.u is the angle between theZm axis and
the direction of the external magnetic fieldB0 ~see Fig. 2!.

In the following the treatment is confined to the 5/2
3/2
fine-structure transition with an orientation of the magne
field B0 along the magneticz axis (B0iz) in theX band and
to the 25/2
23/2 fine-structure transition in theQ band
with the same orientation of the magnetic fieldB0 . This
simplifies the equations and their discussion. In addition,
may neglect the rhombic contribution of the fine-structu
tensor as theE value is small and consider only the case
axial symmetry.

With Bgb5Dnh for these transitions we arrive at12–14

B5B062D/~gB!~3 cos2u21!11/~B0g2b2!@D2sin4u#

232/~B0g2b2!@D2sin2u cos2u#. ~1!

The third term 1/(B0gb) @D2sin4u# can be neglected if the
angleu is small. In BCCD this term is two orders of magn
tude smaller than the fourth term since forB0iz the polar
angle isu,6°. Thus, we can rewrite Eq.~1! as

B5B066Dzz/~gb!232Dxz
2 /~g2b2B0!. ~2!

According to the treatment by Peterssonet al.11 each tensor
element is expanded in a Fourier series

Di j 5Di jN1SDi jncos~nv1wn!

with the inner variablev (0<v<2p) and the tensor ele
mentsDi jN for the normal phase.11

As discussed above only two tensor elementsDzz andDxz
are relevant in the first IC phase for BCCD:Mn21 because of
the symmetry of the N phase and the chosenB0 orientation.
They depend in the following way on the inner variablev if
only the lowest term in the Fourier series is taken into
count:

Dzz5DzzN1Dzz2cos~2v1w2!, ~3!

FIG. 2. ESR spectra in theX andQ band at room temperature
rotation around@010#, B0iZm12250 and B0i@100#1140, superpo-
sition of both sites.
c

e

f

-

Dxz5Dxz1cos~v1w1!. ~4!

In Eq. ~3! a term Dzz1 is forbidden because of symmetry
DxzN is identical to zero in the normal phase~N!. As shown
in Ref. 11 the parametersDxz1 and Dzz2 show a critical
temperature dependence belowTi according to the power
laws

Dzz2}~Ti2T!b̄, ~5!

Dxz1}~Ti2T!b, ~6!

where b̄ is different from 2b.11 Within the 3d-XY model
which was found to be applicable to the description of t
N-IC phase transition the values for these critical expone
are expected to be15,16,18

b'0.34,

b̄'0.83.

Substitution of Eqs.~3! and ~4! into Eq. ~2! leads to the
formula

B5B066DzzN/~gb!1B~v ! ~7!

with the function

B~v !566Dzz2cos~2v1w2!/~gb!

232@Dxz1cos~v1w1!#2/~B0g2b2!.

The position of the edge singularities can be calculated
cording to the conditiondB(v)/dv50.

The midpoint~MP! between the edge singularities~ES!
can be calculated by an averaging about the inner variabv
in Eq. ~7! and provides

BMP5B066DzzN/~gb!216/~B0g2b2!@Dxz1#2. ~8!

This position of the MP only depends on the parameterDxz1
and is independent of the phase factorsw1 andw2 . Equation
~8! in combination with Eq.~6! shows that the MP behave
like the square of the order-parameter amplitude.

On the other hand, no analytic expression exists for
splitting between the edge singularitiesDBES, if no assump-
tion for the phasesw1 ,w2 is made. In the case ofw15w2 the
distance between the edge singularities can be describe
follows:

DBES53Dzz2 /~gb!216/~B0g2b2!@Dxz1#2. ~9!

With Eqs. ~5! and ~6! the splitting between the edge sing
larities should show a temperature dependence given by
superposition of two different critical contributions

DBES5a~Ti2T!b̄1b~Ti2T!2b. ~10!

In a previous paper6 we tried to explain the ES splitting by
an equation like

DBES5c~Ti2T!g ~11!

because we found in the plots of ln(DBES) versus (Ti2T)
nice straight lines.
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Hence we expect from Eq.~10! an effective critical expo-
nent g in the range between 2b'0.68 andb̄'0.83 if both
prefactors are positive, i.e.,a,b.0. In the casea.0 and
b,0 the first term in Eq.~10! increases the splitting betwee
the edge singularities if it dominates and the second t
tries to decrease the splitting or vice versa if the second t
in Eq. ~10! dominates. Both cases are possible since the
ond term in Eq.~10! depends on the external magnetic fie
As a consequence we expect a different behavior in thX
band and in theQ band.

Now we must establish under which assumptions we
expect that the splitting between the edge singularities giv
straight line in the semilog plots or when we approxima

Eq. ~10! by Eq. ~11!, @a(Ti2T) b̄1b(Ti2T)2b'c(Ti
2T)g#. This problem was investigated on the basis of sim
lations. We have obtained the following results, which a
independent of the phase factors in Eq.~7!:

~1! A function a(Ti2T) b̄1b(Ti2T)2b, with a.0 and
b,0, can be analyzed by a functionc(Ti2T)g in a tempera-
ture range of about 10 K belowTi if the ratio of the prefac-
tors of the power laws (2a/b) @Eqs. ~5! and ~6!# or ua/bu
lies in the range from 2.0 to 4.9.

~2! The effective exponentg lies then in the rangeg
,2b which corresponds to the experimentally observed v
ues of these exponents~see Sec. IV!.

IV. ANALYSIS OF THE EXPERIMENTAL RESULTS

A. Temperature dependence of the midpoint between the edge
singularities in the Q band and X band

The experimentalQ-band results for two different Mn21

concentrations~0.1, 2.5 mol %! are shown in Fig. 3. The
influence of the manganese concentration is clearly v
ble. In Eq. ~8! it was assumed thatDzzN is temperature

FIG. 3. Temperature dependence of the midpoint between
edge singularities in theX band and the fit curves for the mang
nese concentrations 2.5 and 0.1 mol %.
m
m
c-
.

n
a

-
e

l-

i-

independent which is not valid in our experiments. In t
high-temperature phase~N! we have a strong, nearly linea
shift of the resonance position of the ESR lines. We assum
that the same linear variation occurs also in the IC phase
added in Eq.~8! an additional termA2(Ti2T). Hence, we
fitted the position of the MP with the function

BMP5D0~Ti !1A1~Ti2T!2b2A2~Ti2T!,
~12!

D0~Ti !5B066DzzN~Ti !/gb5const.

The results of the fits are summarized in Table I.
It should be taken into account that the constant te

D0(Ti)5B016DzzN(Ti) may vary from sample to sample i
particular for measurements in theQ band because o
slightly different probe shapes and probe sizes leading
slightly different Q-band ESR frequencies. Furthermor
the linear shifts in theQ-band ESR spectra mentioned abo
are not very large and give rise to small additional errors
the fit parameter. Nevertheless, the critical exponentb can be
estimated rather precisely to beb50.3460.04.

The X-band data were analyzed in the same manner
though the second-order perturbation theory is not sufficie
The results of the fits are given in Table II. Despite t
inaccuracy of Eq.~8! for the X band~see below! due to the
greater shifts in theX-band spectra and therefore the grea
precision in determining the midpoint between the edge s
gularities, the errors lie in the same range.

B. Temperature dependence of the splitting between the edge
singularities in the Q band and X band

The splitting of the edge singularitiesDBES is indepen-
dent of the temperature dependence ofDzzN and was ana-
lyzed using Eqs.~10! and ~11!. The results of the fits are
given in Table III. The prefactorsa andb @Eq. ~10!# andc
@Eq. ~11!# decrease drastically with increasing Mn21 content.
In Fig. 4 the experimental data for theX band are shown.

e

TABLE I. Fit results according to Eq.~12! of the temperature-
dependent ESR measurements in theQ band for BCCD with dif-
ferent Mn21 concentrations.

Mn21 concentration
cMn ~mol %!

A1

~G/K!
Ti

~K! 2b
A2

~G/K!

0.01 2.2 164.8 0.67 20.5
0.1 1.9 164.4 0.74 20.5
2.5 1.7 163.6 0.69 20.3

Error 60.2 60.1 60.08 60.2

TABLE II. Fit results according Eq.~12! of the temperature-
dependent ESR measurements in theX band for BCCD with differ-
ent Mn21 concentrations.

Mn21 concentration
cMn ~mol %!

A1

~G/K! 2b
A2

~G/K!

0.01 21.4 0.64 0.3
2.5 20.7 0.63 0.4

Error 60.2 60.06 60.2
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TABLE III. Fit results of the temperature-dependent ESR measurements in theQ band for BCCD with
different Mn21 concentrations.

Mn21

concentration
cMn ~mol %! a b 2a/b a1b

Ti

~K! c g

0.01 20.3 29.84 2.06 11.2 164.88 18.3 0.32
0.1 21.8 210.0 2.18 11.8 164.59 14.0 0.41
1.0 15.6 26.69 2.33 8.9 163.67 9.0 0.46
2.5 5.21 22.04 2.55 3.2 162.31 3.3 0.52

Error 60.5 60.5 60.2a 61.0 60.05 60.5 60.05

aIn average.
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The results of the data fits are given in Tables III and
for the Q band and for theX band, respectively. For the fit
our knowledge about the critical exponentsb and b̄ was
used ~see Sec. V!, i.e., the exponents were fixed to the
values. If the splittings are small and the exponentg is near
to 2b a good fit cannot be obtained as is the case of
sample with 5 mol % Mn21 for measurements in theQ band
which, consequently, was omitted in Table III.

V. DISCUSSION

As is well known, the incorporation of paramagnetic d
fects is a prerequisite for ESR investigations. In order to
these techniques for the study of subtle details on dyna
properties and structural changes near the phase transitio
particular the question has to be answered whether an
which way the mechanism of the phase transition is in
enced or distorted by the incorporation of paramagnetic
fects and other impurities.17 BCCD crystals doped with
Mn21 ions are very suitable in order to estimate the poss
influence of defects. For this reason a careful investigatio

FIG. 4. Temperature dependence of the splitting between
edge singularities in theX band for the manganese concentratio
0.1, 1.0, 2.5, and 5.0 mol %. Straight lines are the fit results.
e

-
e
ic
s in
in
-
e-

le
of

the temperature dependence of the order parameter an
the respective critical exponents has been performed.

In a first step it was shown that the structural changes n
the phase transition are reflected in the fine-structure split
of the ESR spectra of the Mn21 ions. The analysis and ex
planation of all effects were possible because of the com
nation of theX-band andQ-band ESR measurements. Th
valueb'0.34 found for the order parameter is in comple
agreement with the results of extensive NMR investigatio
and x-ray-diffraction studies.15,7 In principle, the same struc
tural information is contained in the fine-structure and qu
drupolar tensors. In particular, it could be shown that
general formalism of the line-shape calculation as develo
in Ref. 15 is also applicable for the IC-modulated ESR sp
tra. In contrast to the quadrupolar perturbed NMR spec
where only first-order quadrupolar effects had to be cons
ered, in this work second order of the perturbation theory
the spin Hamiltonian was necessary for Mn21 sites in BCCD
crystals. This analysis relies only on the symmetry analy
for the superspace group and on the symmetry of the o
parameter. The results confirm the interpretation of the n
classical critical behavior in the IC phase of BCCD in term
of the universality class of the 3d XY model.18 Since higher-
order effects must be considered in the ESR measurem
of Mn21-doped BCCD, contrary to the rather simple situ
tion as could be realized in the NMR measurements, the E
line splitting is the superposition of two contributions. On
of them tries to increase the splitting and the other leads
decrease of the splitting of the edge singularities. Becaus
the second-order perturbation theory one of the contributi
depends on the external magnetic field. This is the rea
why the measurements in theQ band, in comparison with
previousX-band studies, gave valuable hints for the interp
tation of the line shape and line splitting in the IC phase
BCCD.

Furthermore the influence of the Mn content and theg
irradiation ~Table V! was analyzed. There is a small influ
ence of the Mn21 concentration on the phase-transition te
peratureTi ~see Tables I and III!. The results are reproduc
ible and out of the range of the error of about60.1 K in the
temperature control for theQ-band ESR measurements. A
though the influence is rather small and, thus, is not of
portance for the further discussion of the measurement
the first IC phase of BCCD, it is noted that for increasi
defect concentration the subsequent small commensu
phase in BCCD~2/7 phase! is smeared out and can no long
be detected by ESR measurements unless the Mn21 concen-

e
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TABLE IV. Fit results of the temperature-dependent ESR measurements in theX band for BCCD with
different Mn21 concentrations.

Mn21

concentration
cMn ~mol %! a b a1b 2a/b c g

0.01 75.6 230.75 44.9 2.4 66.4 0.31
0.1 49.0 222.1 26.9 2.2 34.8 0.37
1.0 28.7 29.1 19.6 3.2 21.0 0.48
2.5 14.5 23.6 10.9 4.0 8.3 0.58
5.0 9.3 22.2 7.1 4.2 5.0 0.73

Error 60.5 60.5 60.2a 60.05 60.5 60.05

aIn average.
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tration is very small~less than about 0.5 mol %!. In the fur-
ther analysis of the influence of the Mn contentcMn or theg
dosecg , fit parametersa and b from the analysis of the
spectra in the first IC phase were obtained@Eq. ~10!# which
are proportional to the square of the order parameter.
graphs in Fig. 5 reveal that the order-parameter amplitud
indirectly proportional to the defect concentration in the
vestigated Mn concentration andg-dose ranges. The de
crease of the amplitude of the order parameter induced by
defects was also detected by ENDOR investigations ong-
irradiated BCCD at 130 K.9 Here a decrease of the tilt ang
from ;11° to ;7° was determined. The decrease of t
order-parameter amplitude detected by ESR for BC
samples containing 0.1 mol % Mn and, additionally, irra
ated with a dose of 1 Mrad, is of the same order of mag
tude.

Another question concerns the comparison of our res
with the study of the influence of defect by Schaacket al.19

where bromine instead of chlorine atoms was introduced
the crystals of the betaine family. The replacement of b
mine ~with considerably greater ionic radii! for chlorine at-
oms in BCCD, where a strong dependence of the pha
transition temperatureTi on the bromine concentration wa
found, was explained by a negative hydrostatic pressur
by an increase of the unit-cell dimension because of the
mine ion incorporation.20,21

First of all we have to remember that Mn21 ions are sub-
stituted on Ca21 sites and are very suitable paramagne
sites since their ionic radius is very similar to the ionic rad
of the Ca21 ions. Hence, drastic effects on the phase diagr
can be ruled out in the case of Mn21 doping of BCCD crys-
tals. The Mn andg defects influence the phase-transiti

TABLE V. Fit results of the temperature-dependent ESR m
surements in theQ band for BCCD with a Mn21 concentration of
0.1 mol % and an irradiation with differentg dosescg .

Gamma-dose
cg ~Mrad! a b a1b 2a/b c g

0 49.0 222.1 26.9 2.2 34.8 0.37
0.1 36.0 214.1 23.9 2.46 21.3 0.41
0.3 30.5 214.3 16.2 2.12 18.5 0.44
0.5 30.1 214.0 16.1 2.44 13.0 0.54
1.0 24.6 210.2 14.4 3.37 11.3 0.60
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temperatureTi only very little. Therefore we can expect tha
the other phase transition temperatures are also scarcel
fected in case of the present defects and, hence, the p
diagram of BCCD should not be changed although a dist
decrease of the amplitude of the order parameter, i.e., of
amplitude of the modulation wave, with rising defect co
centration is clearly seen.

Two phenomenological theories were applied to descr
the phase diagram of BCCD, the ANNNI model~axial- or
anisotropic-next-nearest-neighbor Ising!22 and a Landau-type

FIG. 5. Dependence of the root of the prefactora and the root of
the absolute value of the prefactorb on theg dosecg and on the
manganese concentrationscMn in the X band and theQ band.
Straight lines are guides for eyes.
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model proposed by Sannikov.23 Both models do not explain
the critical behavior of the HT-IC phase transition but c
well reproduce thep-T phase diagram of BCCD. In th
framework of the ANNNI model the values and the sig
of the couplingsJ0 ~in the x,y plane, J0.0!, J1 ~with
the next-neighbor perpendicular to thex,y plane, J1.0!,
and J2 ~with the next-nearest-neighbor perpendicular
the x,y plane,J2,0! play the dominant role.22 In this con-
text we must conclude that an increase of the defect con
tration should influence both interaction parametersJ1 and
J2 in such a way that the ratioJ1 /J2 is not significantly
changed. In the framework of a phenomenological Land
type model proposed by Sannikov23 a decreasing amplitud
of the order parameter influences the phase diagram
only very weakly. Our experimental situation seems to ag
very well with theoretical predictions of recent lattic
dynamic calculations.24 For second-order phase transitions
has been analytically shown that the static critical expone
are not changed for a low defect concentration, and on
decrease of the amplitude of the order parameter is to
expected.

VI. CONCLUSIONS

ESR studies on paramagnetic defect sites in solids w
incommensurate phases are an appropriate tool for the in
h

tu

e

n-

-

so
e

ts
a
e

th
s-

tigation of structural changes and the critical behavior at
phase transitions if the contributions of the different harmo
ics of the incommensurate modulation are taken into
count. In this way a critical exponent of the order parame
in the system BCCD:Mn21 of b50.3460.04 was deter-
mined which is in good agreement with the results of NM
and x-ray measurements on undoped BCCD crystals.
very low ~up to;0.1 mol %! Mn21 defect concentrations o
doses ofg radiation neither the phase-transition temperat
and the critical exponent nor the amplitude of the order
rameter are changed. At higher defect concentrations~up to
;2.5 mol % of Mn21 ions and 1 Mradg doses! no influence
on the critical exponentb could be found and the transitio
temperature is changed no more than about 1 K. The am
tude of the order parameter, however, varies approxima
inversely proportional to the defect concentration. This res
is also consistent with recent theoretical work.
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