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Abstract. Trapped holes located on A1-O-A1 bonds in 
kaolinite were studied by electron paramagnet ic  reso- 
nance spectroscopy (EPR) at 9.3 and 35 G H z  applied to 
well-crystallized, X-ray irradiated and oriented samples. 
The Q-band EPR spectrum is characterized by three 
clearly separated groups of 11 quasi-equidistant super- 
hyperfine lines centered at gxx=2.040• gyy= 
2.020+0.0005 and gzz = 2.002 +_ 0.001. In each of these 
groups, the 11 superhyperfine lines exhibit intensities ac- 
cording to the ratios 1 :2 :3 :4 :5 :6 :5 :4 :3 :2 :  1. An angular 
dependence of the Q-band EPR spectrum with respect to 
the magnetic field is demonstrated by measurements on 
oriented films of kaolinite. An appropriate  numerical 
t reatment of the EPR spectra is described, which allowed 
extraction of the SuperHyperfine Structures (SHFS). X- 
and Q-band spectra have also been simulated. It is con- 
cluded from these experiments that only one type of cen- 
ter is present. This center, labelled the B-center in the 
literature, is very probably  a hole t rapped on oxygen ( O -  
center) a toms coupled to two octahedral aluminium. 

Introduction 

Various paramagnet ic  defects have been identified in 
natural  kaolinite, Alz(SizOs(OH)4), by means of  elec- 
tron paramagnet ic  resonance (EPR) spectroscopy. 
Among these defects, are transition ions (Fe 3+, Mn 2+, 
VO z+, Cr 3+) and electron or hole centers (e.g., Hall 
1980; Pinnavaia 1982; Muller and Calas 1993; Gaite 
and Mosser 1993). 

Three types of  hole centers, which have been demon- 
strated to be radiation-induced defects (Muller et al. 
1992; Allard et al. 1994), have been previously described. 
Two of them are O -  centers without hyperfine interac- 
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tion, labelled A centers (Angel et al. 1974; Meads and 
Malden 1975) and A' centers (Muller et al. 1990). These 
two centers produce EPR spectra showing axial symme- 
try. A third type of  O -  centers is labelled B-centers 
(Angel et al. 1974). At X-band,  the corresponding spec- 
t rum exhibits small modulat ions and is characterized by 
a nearly isotropic g factor. These modulat ions are inter- 
preted as resulting f rom the interaction between cations 
each having a nuclear spin at adjacent positions. They 
are called SuperHyperfine Structures (SHFS). Angel 
et al. (1974) interpreted the B-center signal as resulting 
f rom the presence of  A1 in tetrahedral sites creating O - -  
Altv centers. Meads and Malden @975) also suggested 
the presence of A1 in tetrahedral sites and considered 
that the observed signals arose f rom the superimposition 
of signals due to O- -Al iv  and Alw-O--Alvi  centers. 

In this work, the systematic use of  (i) X- and Q-band 
frequencies at low temperature,  on powder, oriented and 
X-irradiated samples and (ii) a new method for signal 
analysis, that  allows better identification of  the SHFS 
structures, gives rise to an unequivocal assigment of  B- 
center spectra which differs f rom that proposed pre- 
viously. 

Samples and Methods 

S a m p l e s  

Two reference kaolinites, both hydrothermal in origin, have been 
selected for this study, namely DCV and GBI. They were chosen 
from among the numerous kaolins originating from various envi- 
ronments which have been previously investigated by EPR (Muller 
and Calas 1993). Table 1 lists the sources, the mineralogical compo- 
sition and references for the raw samples, together with main infor- 
mation concerning the structure and crystal chemistry of the sam- 
ples used in this study. Details of the characterization of these 
samples can be found in Gaite et al. (1993) and Allard et al. (1994). 
It must be pointed out that while DCV is close to pure kaolinite, 
illite and quartz are present as impurities in GB1. However, it 
has been previously demonstrated that the contribution of illite 
to the EPR spectra may be neglected (Allard et al. 1994). 
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Table 1, Characterization of the samples: 
(1) deferration treatment with citrate-bi- 
carbonate-dithionite; (2) Fourrier trans- 
form intra-red disorder index (see Muller 
et al. 1990); (3) structural disorder index, 
after Lietard 1977 (see Allard et al. 1994); 
(4) content of Fe(I) and Fe(II), the two 
trivalent iron species substituted for A1, 
determined according to the simplified 
procedure of Mestdagh et al. (1980), for 
40 mg and a gain of 1000; (5) radiation- 
induced defects content, determined at 
93 K, according to the least square de- 
composition of the EPR spectrum (see At- 
lard et al. 1994) 

Samples DCV GB1 

Source Decazeville St Austell 
(S.W., France) (Cornwall, U.K.) 

Environment Hydrothermal Hydrothermal 

References Belenguez and Cases et al. (1982) 
Revel (1986) 

Studied fraction < 2 #m total 

CBD treatment (1~ yes no 

Mineralogy Kaolinite ( ~ 100%) Kaolinite ( > 87%) 
Illite (5-8 %) 
Quartz (<  5%) 

Chemical analysis 
Major elements (wt %) 
SiO 2 46.51 46.57 
A1203 39.03 37.96 
F e z Q  0.25 0.44 
MnO traces traces 
MgO traces 0.08 
CaO traces traces 
Na20 traces 0.05 
KzO traces 0.58 
TiO2 traces 0.04 
P205 0.08 0.13 
I.O.L. 14.04 13.97 
Total 99.91 99.82 
Radioelements (ppm) 
U <1 7.8 
Th < 1 12.2 

FTIR:  DIR  index (z) 0.97 1.01 
DRX:  R2 index (3) 1.36 1.12 
Coherent domain thickness > 1500 A, 500 ~, 

Paramagnetic centers 
content (a.u.) 
[Fe(I)] (4) 1.5 9 
[Fe(II)] (4) 290 270 
[RID] (s) A 0.8 4.9 

A'  0.4 3.4 
B 0.1 3.3 

EPR Experiments 

Experiments were performed using Varian spectrometers. At X- 
band, the frequency was measured directly with a Hewlett Packard 
frequency meter and the magnetic field was calibrated with a N M R  
Gaussmeter. At Q-band, the frequency was indirectly determined 
from the resonant field of the DPPH standard. In both cases, the 
original spectrometers were modified to obtain numerical records 
of spectra. It has been shown (Clozel 1991) that a better resolution 
is obtained for the superhyperfine structures present on B-centers 
spectra at temperatures between 50 and 200 K. Therefore, measure- 
ments were performed at 77 and 150 K. 

Oriented Samples 

EPR spectra of polycrystalline samples such as kaolinite consist 
of the superimposition of absorption lines from each of the single 
micro-crystals randomly distributed throughout space. However, 
micro-crystals of kaolinite exhibit a platy morphology with a pref- 
erential development of layers according to the (a,b) plane. It is 
thus possible to obtain, either by compression or by sedimentation, 
an oriented film in which all (a,b) planes of kaolinite crystals are 

approximately parallel to each other. X-ray diffraction patterns 
of the resulting films, were the incident X-ray beam is perpendicular 
to the film, confirmed that both orientation methods were effective: 
the obtained patterns exhibited only 001 peaks, indicating that the 
common c* axis of all micro-crystals were nearly parallel. 

It must be noted that the orientation procedures used do not 
allow for a perfect recognition of the crystallographic axes a and 
b which are randomly distributed in the plane of the film. However, 
the systematic study of the shape of the EPR spectra as a function 
of the angle 0 measured between c* and the applied magnetic field 
enabled an improvement in the characterization of the defect 
center, with respect to the three crystallographic axes. 

Characterization of the B-Center Spectra." Physical and 
Numerical Treatments 

In the spectra of the samples studied here, the signal corresponding 
to the B-center is superimposed on the EPR signals caused by 
the A and A' centers (Muller et al. 1992). For a better characteriza- 
tion of the B centers, signal enhancement was therefore required. 
This has been achieved by using two complementary approaches. 

(1) The first approach consisted of a preliminary X-ray irradia- 
tion, which is known to create mainly centers of the B type (Angel 
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et al. 1974). DCV and GB1 samples were thus X-ray irradiated 
for 48 hours from a MoKc~ anti-cathode source (35 mA, 50 kV). 
The samples, placed in small pockets of X-ray transparent material 
(Milar), were set close to the shutter, After irradiation both samples 
exhibited stronger B center signals. However, due to the presence 
of strong signals from A and A' centers, which were difficult to 
separate from the B center signal, GB1 was heated at 450 ~ C for 
48 hours prior to irradiation. As shown by Angel et al. (1974) and 
Clozel (1991), this annealing drastically reduces the concentration 
of all centers. Consequently, after X-irradiation of the GB1 sample 
the majority of centers were of type 3. 

(2) The second approach utilized to enhance the B-center signal 
consisted of a numerical treatment of the EPR spectra. This al- 
lowed extraction of the part of the EPR spectrum chracteristic 
of the B center, i.e. the SHFS signal. With this aim in view, it 
must be recalled: (i) that the SHFS signal is a pseudo-periodic 
function and, (ii) that the convolution of a periodic function by 
a square function, whose width is equal to the period, removes 
the periodicity. Thus, the experimental EPR spectra were first con- 
voluted by a normalized square function having a width equal 
to the hyperfine splitting. A curve without any undulations, which 
was comparable with the general envelope of the experimental spec- 
trum, was obtained. The SHFS signal was thus obtained by sub- 
stracting the convoluted signal from the experimental one. Such 
a numerical treatment allowed for detailed observation of the 
SHFS lines. 

Results 

The X - b a n d  E P R  spectra obta ined  for  the GB1 powder  
sample are presented in Fig. 1. In the spectra o f  the 
unt rea ted  sample (Fig. 1 a and 1 b), the B-center signal 
is masked  by the resonant  lines o f  the A- and X-centers .  
Moreover ,  the undula t ions  due to S H F S  are visible only 
at low temperature  (Fig. lb) .  By contrast ,  the SHFS 
are clearly observed on spectra obta ined after annealing 
and X-ir radia t ion (Fig. I c and 2 a). The spectrum convo-  
luted according to the procedure  presented above is 
shown in Fig. 2b  (dashed line). Tha t  obta ined by sub- 
stracting the convolu ted  signal f rom the experimental  
one is composed  o f  nineteen, enhanced superhyperfine 
lines (Fig. 2c). However ,  a clear interpretat ion o f  this 
kind o f  spectrum canno t  be achieved as it m a y  result 
f rom the over lapping o f  several groups  o f  S H F S  lines. 
Thus,  it is no t  possible to know whether  the observed 
lines originate f rom different centers or  not.  

To obta in  a better separat ion o f  these lines, Q-band  
experiments were performed.  The Q-band  E P R  spectra 
o f  D C V  and GB1 samples are presented in Fig. 3 a and 
Fig. 3 b, respectively. It is observed that  the two spectra 
are very similar. Their  general shape is characteristic 
o f  one center with an anisotropic  g factor,  gxx, gyy and 
gz~ being the three eigenvalues o f  the g matrix. To per- 
fo rm the numerical  t rea tment  o f  these spectra, it was 
necessary to treat separately the different groups  o f  lines 
since the S H F S  splitting is slightly different f rom one 
group  to another .  The width o f  the square funct ion was 
taken as equal to the superhyperfine splitting o f  each 
group of  lines. Spectra o f  D C V  and GB1 samples ob- 
tained after the numerical  t rea tment  were similar. Tha t  
o f  G B I  is presented in Fig. 3c and the g-values and 
S H F S  parameters  are given in Table 2. 

F r o m  Fig. 3 c, it is clear tha t  the S H F S  on the Q-band  
spectra consists o f  three groups  o f  11 lines with intensi- 
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Fig. la--e. X-band (v: 9.28 GHz) EPR spectra of untreated GBI 
kaolinite, a at room temperature, showing the main asymmetric 
A-center signal (gain 103); b at 77 K, showing some of the superhy- 
perfine structures due to B-centers (gain 103), e the 77 K spectrum 
(after annealing at 400 ~ C for 48 hours and X-ray irradiation) of 
the kaolinite, showing mainly the spectrum of B-centers (gain 5" 
102). DPPH = standard (1,1-diphenyl-2-picrylhydrazil) 

a-experimental spectrum 
- - b-convoluted spectrum 

i -  " c HFS signal 

I I I I I l l  

321 326 331 336 B (roT) 

Fig. 2. X-band (v: 9.28 GHz) EPR spectra of annealed and X- 
irradiated GBI kaolinite, recorded at 150 K. Experimental spec- 
trum; previous spectrum convoluted by a square function (convo- 
luted signal); SHFS signal obtained after subtraction of the convo- 
luted signal from the experimental spectrum (intensity magnified 
x7) 

ties in the ratios o f  1 : 2: 3 : 4: 5 : 6: 5 : 4: 3 : 2:1 centered on 
the three gii values (Table 2). This SHFS pat te rn  is due 
to the interact ion o f  a S =  1/2 spin with two equivalent  
nuclei having an I = 5/2 nuclear spin, i.e. to the presence 
o f  only one paramagne t ic  center. 
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Fig. 3a-c. Q-band (v: 35.25 GHz) EPR powder spectra of X-irradi- 
ated GB1 and DCV kaolinites, recorded at 150 K. a experimental 
signal showing well separated groups of SHFS for the DCV sam- 
ple; b experimental signal showing well separated groups of SHFS 
for the GB1 sample; e extracted SHFS signal of the GB1 sample 
(with less DPPH) showing three separated groups of 11 quasi- 
equidistant superhyperfine lines centered at gxx=2.040+0.0005, 
gyy=2.020+0.0005 and gzz=2.002+0.001, the lines from each 
group exhibiting intensities according to the approximate ratios 
1 : 2: 3 : 4: 5 : 6 : 5 : 4: 3 : 2:1 (intensity magnified) 

T a b l e  2. Eigenvalues of the g tensors and superhyperfine splitting 
values for the B-center, The values are the same for DCV and 
GB1 samples 

I I I I 
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Magnetic field B (10 "4 T) 

Fig. 4. Simulation of the interaction of a spin S= 1/2 with two 
equivalent nuclei of spin I = 5/2, for both Q-band (a) and X-band 
(b) frequencies, using EPR constants from Table 2 and the software 
from Nettar and Villafranca (1985) 

gii values gxx gyy gzz 
2.040 2.020 2.002 
_+ 0.0005 +_ 0.0005 + 0.0005 

SHFS splitting values 
in mT 0.71 0.77 0.84 
in 10 -4 cm 1 6.76 7.26 7.85 

The interact ion o f  a spin S = J/2 with two equivalent  
nuclei o f  spin I - - 5 / 2  was simulated for  bo th  X and  Q- 
band  frequencies. E P R  constants  f rom Table 2 and  the 
software f rom Net ta r  and Villafranca (1985) were used 
in this simulation. The  simulated X- and Q-band  spectra 
are presented in Fig. 4a  and 4b.  It should  be no ted  that  

the shape o f  the simulated spectra is very similar to that  
o f  the experimental  spectra. This proves tha t  the experi- 
menta l  spectra are due to only one type o f  center. 

More  in format ion  about  the B-center has been ob- 
tained using oriented films. The or ientat ion dependence 
o f  the B-center spect rum o f  the D C V  sample is shown 
in Fig. 5 for  two different or ientat ions o f  the crystallites 
with respect to the magnet ic  field B. The relative intensi- 
ties o f  the three groups  o f  lines depend s t rongly on the 
or ientat ion o f  the film relative to the direction o f  mag-  
netic field (B). F r o m  a step-by-step study o f  the angular  
dependence o f  the intensities, it was observed that  the 
central  g roup  (gyy) reaches its m a x i m u m  intensity for  
B•  plane ( 0 = 9 0  ~ while the low and high field 
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Fig. 5a, b. Q-band (v:35.25 GHz) EPR 
spectra of X-irradiated DCV kaolinite, 
recorded at 150 K. a kaolinite (a, b) plane 
oriented perpendicular to the magnetic field 
(O = 90~ b kaolinite (a, b) plane oriented 
parallel to the magnetic field (O = 0~ Note 
that the group of superhyperfine lines 
centered at gyy: 2.020 is the most intense 
when O = 90 ~ (BL(a,b) plane), while the 
other two groups, centered at gxx = 2.040 and 
gzz = 2.002, are more apparent when O = 0 ~ 
(B//(a,b) plane) 

transitions (gxx and gzz) are at their max imum value for 
B//(a,b) plane (O = 0~ This angular dependence means 
that the EPR spectrum of the B-center has an ortho- 
rhombic symmetry,  where one of  the symmetry axes is 
perpendicular to the plane of  the kaolinite layers ((a,b) 
plane). Similar observations were made for the GB1 
sample. 

Discussion 

The B-center spectrum is typical of  an electronic spin 
S = 1/2 interacting with two equivalent nuclei with nucle- 
ar spin I = 5/2 (e.g., Petrov et al. 1989). The superhyper- 
fine interaction is thought  to arise f rom a 27A1 nucleus 
which has a nuclear spin of  5/2 (natural abundance of  
27A1 isotope = 100%). The mean g value of  the B-center 
signal is greater than that  for a free electron (ge = 
2.0023). This indicates that  the B center is a t rapped 
hole. It  is proposed that  the B-center is a hole t rapped 
on an oxygen a tom in an A1-O-A1 bond and can be 
written as A1-O--A1. 

Aluminium in kaolinite is found in adjacent octahe- 
dral positions but it is also thought,  f rom spectroscopic 
(see introduction) and thermodynamic  (Merino et al. 
1989) considerations, to occur in tetrahedral positions, 
i.e. substituted for Si in the tetrahedral sheet. Thus three 
different possibilities for the location of  the B-center 
have to be considered: 

(1) The first possibility is that tile B center is a hole 
t rapped on an oxygen a tom bonding an A1 in a normal  
octahedral position to an A1 substituted for a Si in the 
tetrahedral sheet (Alw-O-Alvi bonding). This situation 
is similar to that considered by Angel et al. 1974. In 
such a situation, the lengths of  the Alw-O and Alvi-O 
bonds are different: for example, the mean values, ob- 
tained f rom interatomic distances in Keokuk  kaolinite 
(Bish and Von Dreele 1989), and in another well cr~cstal- 
lized kaolinite (Hayes 1963), are 1.616 and 1.950 A, re- 
spectively. The Alvi-O bond is thus 17% longer than 
the Alw-O bond. As a consequence, the two different 
A1 would have a different interaction with the O - .  This 
is not in accordance with the observed signal: the intensi- 
ty ratios 1 : 2: 3 : 4: 5 : 6: 5: 4: 3 : 2:1 indicate that  both  A1 
have the same interaction with the electronic spin. Thus, 
the possibility that B centers are ,of the AI~v-O--A1 w 
type seems to be very doubtful. 

(2) The second possibility which has to be considered 
is a hole t rapped between two A1 substituted for two 
adjacent Si in the tetrahedral layer ,(Alw-O--Aliv bond-  
ing). This hypothesis would explain the shape and inten- 
sities of  the superhyperfine lines. Furthermore,  the spac- 
ing between superhyperfine lines in kaolinite (0.8 mT) 
is similar to that  observed for signals due to Alw-O - 
Ally centers in some feldspars (0.'7-0.9 mT;  e.g. Speit 
and Lehmann 1982; Petrov et al. 1989 and references 
therein). The charge imbalance resulting f rom such sub- 
stitution could act as a precursor for the center during 
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irradiation.  However ,  according  to the Lowenste in  rule 
(Lowenstein  1954), which has recently been conf i rmed 
by means  o f  N M R  investigations o f  various phyllosili- 
cates (e.g. Bar ron  et al. 1985; Herrero  et al. 1989), A1 
a toms  substi tuted for  Si tend to occupy  sites as distant  
as possible, whatever  the AI~ v content .  Therefore,  the 
probabi l i ty  tha t  A l l v - O - - A l w  centers are present in the 
tetrahedral  sheet would  be m u c h  lower than  that  for  
O -  centers on a Al~V-O--Si bond.  Hence,  o f  the two 
types o f  signal expected, i.e. due to Allv-O and  Aliv-O- 
Ally centers, the intensity o f  the fo rmer  would  be by 
far the greatest. This again does no t  agree with the ob- 
tained results which demons t ra te  the presence o f  only  
one center  located between two adjacent  A1. The  possi- 
bility tha t  B centers are o f  the Al iv -O- -Al iv  type mus t  
be ruled out.  

(3) The third remaining possibility is that  the B center 
is a hole t rapped  between two ne ighbour ing  A1 a toms  
in the oc tahedra l  layer (normal  posi t ion Alw-O-Alvi  
bond).  The defect created dur ing i r radiat ion would  be 
induced by the occurrence o f  a vacancy  or  impurities, 
located in the oc tahedra l  or  the te trahedral  sheet and  
are therefore responsible for  the charge imbalance.  The 
11(I)-O(1),  11(2)-O(1), 11(1)-O(2) and  11(2)-O(2) calcu- 
lated for  the K e o k u k  kaolinite are as follows 1.930, 
1.969, 1.965, and  1.936 A, respectively (Bish and  Von 
Dreele 1989). The difference in b o n d  lengths between 
each o f  the two oxygens and  their adjacent  A1 being 
less than  0.040 ~ ,  i.e. 2% o f  the mean  A1-O b o n d  length, 
it can be considered therefore tha t  two adjacent  A1 
would  have equivalent  interact ions with the electron spin 
f rom an O -  center. F r o m  all these considerat ions,  it 
can be concluded that  this last possibility is the mos t  
likely. However ,  it remains u n k n o w n  if the O -  ion is 
at an oxygen or  at  an O H  posit ion.  

Conclusion 

A reasonable conclus ion to be d rawn  f rom the aforemen-  
t ioned results and  discussion is tha t  there is only one 
type o f  radia t ion- induced defect located on A1-O-A1 
bonds  in kaolinite. Labelled the B-center after Angel  
et al. (1974), it is a hole t rapped  on an  oxygen bond ing  
two A1 in adjacent  oc tahedra l  posi t ions (A lw-O- -Alv r  
bond).  Thus,  the previous spectroscopic  assumpt ions  
that  one or  two centers located on oxygen bond ing  A1 
substi tuted for  Si in the te trahedral  sheet to either A1 
in octahedra l  posi t ion (Al iv-O--Alv i  bonding)  or  Si 
(Al iv-O--Si  bonding)  are no longer  considered valid. 
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