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ASPECTS STRUCTURAUX DES DISL OCA TIONS 

ANISOTROPIC OPTICAZ, ABSORPTION IN DEFORMED MgO (*) 

T. J. TURNER and  T. E. S C H U L T H E I S S  

Department  of  Physics, Wake Forest University, Winston-Salem, North Carolina, U S A  

Resume. - La principale bande d'absorption opticlue produite dans MgO par deformation 
a kte trouvee constituee de d e ~ ~ x  parties, designees bandes rS et c. absorbant B 5.82 et 5-65 eV res- 
pectivement. On suppose quc ces bandes sont creees par le meme type de tra!isition excitonique 
avec des perturbations diferentes. Sous irradiation X le centre c capture un electron, produisant 
un centre E qui absorbe B 4.07 et 5.17 MeV. Lorsqu'un seul systenie de glissement opere dans le 
processus de deformation, I'absorption E est dichroi'que B 100 x) indiquant la synletrie < 100 > 
du centre. L'axe du defaut est compatible avec I'idee qrle les defauts sont dus a des lacunes pro- 
duites par des crans dans dcs dislocations-vis. Des donnees de traitements thermiques isochroniques 
sont discutees ainsi que des n~odcles possibles pour ces centres. 

Abstract. -- The prominent oprical absorption band produced in MgO by deformation has 
been found to be made up of two parts designated 6 and c bands absorbing at 5.82 and 5.65 eV, 
respectively. These bands arc pres~~rned to arise from the same type of excitonic transition with 
different perturbations. Upon x-irradiation the I: center is found to capture an electron producing 
an E center which absorbs at both 4.07 and 5.17 eV. When only one slip system was operative in 
the deformation process the E absorption was found to be 100 ':/, dichroic indicating <loo> 
symmetry for the center. The defect axis is consistcnt wit11 tlie view that the defects result from 
vacancies produced by jogs in screw dislocations. Isochronal annealing data as well as possible 
models for these centers are prcscnted. 

I .  Introduction. - Ionic crystals hove proven ro 
be useful in studying tlie deformation process. Rela- 
tively new techniques for such studies. electron spin 
resonance a n d  optical absorption, are  providing 
answers not available by other techniques. For  
example, by monitoring the concentration of  F+ 
centers with electron spin resonance. Sibley, Kolopus 
a n d  Mallard [ I ]  found that  deformation of  MgO 
produced anion vacancies wliose concentration varied 
linearly with tlie amount  of  deformation. Similarly, 
optical absorption measurements of the V-  type 
centers i n  deformed M g O  [2u], indicate a linear 
increase of  the cation concentration with deformation. 
For  both types of vacancies the increase was found 
to be approximately 4 x 10"' cm-.'I",, ~~~~~ormation. 
These results are  consistent with tlic suggestion 
tha t  dislocation interactions produce vacant lattice 
sites. 

In  the investigation of Sibley et a/.  [ I ]  the F +  band 
was not  resolved in their optical absorption data. 
However, tliey did find a new optic;ll absorption 
band in deformed and unirradii~led MgO at 5.73 eV 
whose intensity suggests that tlie production of single 
vacancies is not t l ~ c  niost important clrect or defor- 
mation. If one assumes a n  oscillato~. strength o f  onc 
for this del'ormation induced absorption band in 
M g O  one finds the conccntrarion of dcf3ccts producing 
this band t o  be 7 x I O 1 '  c m - " / " , ,  deformation, 

approximately twent)/ times as  great per cent defor- 
mation as the production rate of  single vacancies. 
In subsequent studies with deformed C a O  arid 
S r 0  [20] s in~i la r  delbr~i i :~t io~i- induced optical absorp- 
tion bands were found wliose intensity varied linearly 
with deformation. Since these bands, designated 6 
bands. were all produced in the same manner  and  fit o n  
a Mollivo-lvey plot. it was suggested that  they were 
all produced by the same type defect in the three 
alkaline earth oxides. It was found that  the  6 bands 
in C a O  and S r O  were dichroic indicating 100 symmetry 
for the defects producing the bands. Since these 
bands were not due t o  single vacancies, but a re  from 
a defect with 100 symmetry it was suggested that  
tliey arise from anion-cation vacancy pairs. 

Support for tlie suggestion 01' \ ,acancy pairs coines 
from studies o r  the effect of deformation on  the 
density of  crystals. Such studies have not  been made  
in deformed MgO, but in dcforlned LiF, by Andreev 
and Smirnov [3]. When slip occurred along a single 
crystallographic plane they found a decrease in 
density which varied liliearly with strain. They 
concluded that the density cli~tnges were basically 
ca~iscd by rile c r e a ~ i o n  of vac;!ncy pairs during double 
cross slip arlcl the mutual interxection of dislocations 
of  ~ a r i o u s  slip systeiiis. l'hese authors  converted 
tlicir re la~ivc densit!. changes into equivalent vacancy 
pair coi~centrat ion\  and found tlie number produced 
to be 2 ic 1 0 ' '  c rn- j ;  ",, dcl'orm:itio, . 

I/ ', intlced. the \ ~ ~ c ; ~ r i c y  p~iir- is the fundamental 
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defect produced by the defol-mation of ionic crystals, 
and the d band is produced by the vacancy pair, 
these optical absorption studies should be exploited 
for a positive identification to give more information 
about its formation, interaction witli other defects 
and finally its annihilation. T o  such an end we report 
annealing studies on single crystals of MgO deformed 
by compression as well as data on emission and 
dichroic optical absorption. It appears that tlie band 
originally designated the d b;ind is made up of two parts, 
the 6 band and a second part which we will designate 
the E band. This i: band is found to be dichroic and 
to  arise from a defect witli 100 symmetry. The defects 
producing the E band capture electrons upon x-irra- 
diation to produce a daughter whicli we designate as 
the E band [4]. Before considering the experimental 
details and the r e s ~ ~ l t s  we present a brief discussion 
on excitons since the 6 and c bands are presumed to 
arise from bound exciton transitions. We also present 
a brief discussion of recently p~~b l i shed  results on tlie 
E band since it is produced by the same lattice defects 
which produce the I: band. 

2. Excitons. - A n  electron hole pair may be 
produced in a crystal when a photon is absorbed 
whose energy is slightly less than the band gap. 
In such a situation the electron and hole will be 
bound and form a neutral excited mobile state of the 
crystal known as an exciton. T o  create an exciton an 
electron is raised to an orbit:il such tliat the lowest 
excited electronic state of the crystal results. In the 
event the exciton is created by producing a hole on 
a cation adjacent to an anion vacancy a bound exciton 
results. The excited electron would then reside in a 
local level rather t h a n  a state of the crystal. In  tlie 
alkali halides such a bound exciton produces tlie r band. 
In KBr for example the lowest enel-gy exciton occurs 
a t  6.63 eV [5] while the r transition occurs at 6.17 eV. 
If the exciton transition is perturbed by an F center, 
that is, if the anion vacancy captures an electrot; the 
transition, referred to as tlic// band. occurs at  6.45 eV[6] 
The neutral F center does not provide as large a 
perturbation as the anion vacancy. It should be 
noted that the o! and 1,' transitions are identical except 
for the amount of perturbation. When the vacancy 
which produces the :! band captures an electron the 
F band is produced. Thus the F band can be thought 
of as a daughter of 11ie Y band. This is the sense in 
which we use the tel-m daughter to relate tlie r: and E 
bands. The discovery of the r and 1) bands and the 
interpretation of their 01-igin is due to Deibeccl, 
Pringsheim and Yuster [7]. Timusk [8] has measured 
the temperature dependence of tlie half-~virit!? of the 
emission band of tlie Y center in KBr. His results 
suggest that lattice interactions of the r center in tlie 
excited state are similar to those of the F center in 
the ground state. indicating the localization of  lie 
electron in the Y transition. The emission energy of 
the Y center in K B r  is 2.47 eV. This is oile of the 

highest Stokes shifts known. For  later comparisons 
we note that tlie oscillator strength of the r transition 
was found to be 1 . 1. 

3. The E center. - In  a n  earlier investigatio~~ [2n] 
of deformed MgO, specimens were used such that 
optical absorption studies could be made in all three 
< 100 > directions. A crystal was deformed 0.84 "/, 
i n  compression such that only one slip system was 
operative. The crystal was compressed along its 
longest axis which we shall designate < 001 >. 
Following x-irradiation the spectra shown in figure 1 

FIG. 1. - A) Polarized absorption measurements obtained 
with the clcctric vector of the incident light in the direction 
indicated. The crystal was compressed along the < 001 > 
axis and light was incident along the < 010 > direction. B) A 
dichroic absorption plot obtained from subtracting the curve5 
of part A. Four peaks are fit by Gaussian plots with maxima 
at 4.07, 4.55, 5.17 and 5.65 eV and widths or 0.60,. 0.39, 0.30 

and 0.30 eV, respectively. 

were obtained with the light transmitted along < 01 0 >. 
In part A the C L I ~ V L '  design21ted < 001 > w:~s obtained 
with polarized light with the electric vector along 
tlie < 001 > direction. Similarly the second curve 
was obtained with the electric vector alony the 
< 100 > direction. In figure I B we see ;I diclisoic 
plot obtained by subtracting tlie curves of part /\. 
We see four peaks, all of which can be fitted wi~li  
Gai~ssian plots, loc;~tcd ;it 4.07, 4.56. 5.17 and 5.65 cV. 
By dicl~roic absorption and blcaching measurements 
along all three axes we found that tlie 5.17 and 4.07 eV 
bands arise from the same defect which we call the 
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FIG. 2. - A) An isochronal plot of peak position as a function 
of temperature for the deformation induced optical absorption 
bands 6 + E.  B) Normalized absorption coeficient for the 6 
plus E bands as a function of annealing temperature. Above 
500 OC curve b indicates the 6 band alone with a constant c 
absorption subtracted, while a is tlie sun1 of c -k 8. C) and 
D) Isochronal plots of the normalized absorption coefficients 

for the E and V band decay. 

E center. We shall refel- to tlie 5.17 eV 11-ansition as 
the E ,  transition since i t  arises from the transition 
moment parallel to the axis of the defect and to the 
4.07 eV transition as tlie E, band since there are two 
such transitions perpendicular to tlie axis of the 
derect. The dicliroism from tlie E center is found to 
be essentially 100 ",', witli the axis of the defect along 
a < 100 > direction. Tlie 4.07 eV transitioii was 
originally observed by Sibley r ,  (11. [I]. 

Tlie axis of the E center lies along the direction 
that one would expect to obtain dislocatioll dipoles 
from the m o ~ i o n  of screw disloc;~tions contai~iing 
jogs. If tlie jogs arc small eriougli one gets non- 
conservative dislocation motion and rows of vacaircies 
or rows of interstiti;lls arc forliied. Narayan and 
Wasliburn [9] h:~ve concluded from their elcctron 
microscope observations tli:it vac:tnc!f type dipoles 
predominate in deformed MgO. Thus it appears 
that tlie E center arises form ;I v;~c;~ncy cluster of 
< 100 > symmetry tliat h ;~s  captured onc or more 
electrons. Clark and Crawford [lo] h a w  reached 

a similar conclusion regarding the E center in alkali 
halides. 

Wlien the deformed, irradiated crystal of figure 1 
was bleached in tlie V band region (2.3 eV) to  release 
holes i t  was found that the En and E, transitions 
decayed at  the same rate while simultaneously a 
band grew in at 5.65 eV. Similarly, it was found 
that upon bleaching the En band the V-  and E, bands 
decayed simultaneously and a band grew in at 5.65 eV. 
It was suggested that the defect producing the 5.65 eV 
absorption, wliich we now cull tlie e center, captures 
an electron and produczs tlie E center. The E center 
can be destroyed by hole capture upon bleaching 
with the V band. or by electron release by bleaching 
the E band. 

In tlie earlier work we were puzzled that V- centers 
bearing a negative charge would capture an electron. 
Subsequent work [I I] h;~s shown that most of tlie 
V centers are V,,, or  V,,, centers which are neutral 
and hence d o  not repel tlie electron. 

4. Experimental procedure. - The crystals wel-e 
grown at the Oak Ridge National Laboratory and 
obtained through the courtesy of Drs. C. T.  Butler 
and W. A. Sibley. Typical analyses have been published 
elsewhere [12]. Tlie specimen dimension were appro- 
ximately 3 x 4 x 7 rnm? This dimension was used 
so that absorption measuremcnts could be made in 
all three < 100 > directions. After cleaving, the 
crystals were polished in boiling ortliophosplioric 
acid for three minutes, then rinsed in room tempe- 
rature acid. methanol, ether and distilled water. 

The CI-ystals were deformed in compression along 
the longest < 100 > axis in an Instron testing niachine 
witli a crosshcad speed of 0.05 cflmin., corresponding 
to an approximate strain rate of lo3 s - I .  For x-irra- 
diation the crystals were placed 4 cm from a copper 
target operated at 40 kVP and 25 mA for 25 min. 
through each of the faces perpendicular to tlie shortest 
< 100 > axis. Within one minute after completion 
of the x-irr:tdiation, optical absorption data were 
obtained at room temperature on a Cary Model 14 
spectroplioto~nete~-. For tlie of dicliroism, measure- 
ments Polacoat 105 ultraviolet polarizers were placed 
in both tlie reference and sample ports of the spectro- 
photometer. 

All absorption data wcre taken and stored on paper 
tape by ;I data acquisition and ~lnalysis system built 
around ;I Hewlett Packurd 31 14 A computer [13]. 
Wlien i t  was necessary to return a sample to its pre-x- 
isradiated state following absorption measurement it 
was blenched witli a 200-watt Hg-Xe lamp filtered 
\+fit11 21 glass lens. 

Etching to reveal tlie slip systems was performed 
wit11 a solution of live parts s;~turated NH,CI. one 
part concentrated H,SO, and one part distilled 
~ ; ! t c r .  Cryst~iIs were etchcd ;i t  room temperature for 
fifteen minutcs then rinsed in m e ~ ; ~ a n o l  and finally 
in ctlicr. Thc anncalirig cxperimcnts were performed 
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between room temperature and 700 OC in argon 
atmosphere in a muffle furnace. For the isothermal 
experiments the crystals were held at  temperature 

3 OC, for ten minute intervals. 
For  the bending experiments, the crystals were 

cleaved to  a thickness of about 0.5 mm and then 
thinned to about 0.25 mm in H,PO, at  180 OC, 
followed by the above rinsing procedure. The crystals 
were then bent backwards and forwards 15 titlies 
about a 5 cm radius [9]. 

5. Experimental results. - From figure I it can 
be seen that there is more than one optical absorption 
band in the region of 5.7 eV. By monitoring this 
peak position a s  a function of temperature we can 
see a definite change as one peak begins to anneal. 
This is illustrated in part A of figure 2. It can be seen 
that in the region from 250 OC to 500 "C the peak 
shifts from 5.72 eV (216.8 nm) to  5.82 eV (213 nm). 
Designating the 5.82 eV band as (5 and the 5.65 eV 
band from figure 2 as c we see that the composite 
band a t  5.72 eV is simply an  average of these two. 

In figure 2B we ha\le an  isochronal plot of the 
normalized absorption coefficient of the deformation 
induced optical absorption band. Thus, initially 
we have a plot of the 6 and E bands and after appro- 
ximately 500 OC a plot of the 6 band alone. Even 
after a n  anneal at  800 OC there is a small amount 
of E band remaining. This is illustrated in figure 3. 

FIG. 3. - Absorption of a crystal deformed 1.2 %and annealed 
at 800 O C  before and after x-irradiation. 

Thus in figure 2B tlie lower curve, designated b, is 
obtained when tlie remaining E band is subtracted. 
These data are less accurate above 600 "C because, 
as seen in figure 3, the 6 band appears on the shoulder 
of another band growing with increasing temperature. 
Unfortunately this band is beyond the limit of the 
spectropliotometer employed. The difference plot 
of figure 3 indicates a band in tlie region of 6.5 eV. 
This has been observed with difference plots from 
several preceding anneals. 

In figure 2C we have an isochronal plot of tlie 
normalized dichroic absorption of the E band. 
This is tlie temperature dependence of the data 
given in figure 1B and is valid for tlie decay of E, 
(4.07 eV) and E, (5.17 eV). It should be noted tliat 
it was necessary to re-irradiate after each anneal 
to repop~llate the electron traps. Otherwise tlie band 
is destroyed by capturing holes released from V centers. 
Tlie decay of tlie dichroism of E, does not result 
from an increase of r ,  ,,,, and a decrease of r ,,,,,, 
until they are equal, rather r ,  ,,,, remains zero 
and c/,,,, , approaches zero, indicating tliat decay 
results fro111 the break up of tlie defect rather than 
its rotation and migration to a sink. The temperature 
range in which thls occurs is consistent with tlie 
range in which the deformation band shifts, illustrated 
in figure 2A. 

In figure 2D we have an  isochronal plot of tlie 
V- band. These data are normalized with tlie V- 
absorption produced by the deformation process. 
not the total V band absorption in tlie specimen. 
Recall that the V band results from a hole trapped 
adjacent to  a magnesium vacancy. Thus we use the 
concentration of V centers as a monitor of the cation 
concentration. Again it sliould be noted tliat it 
was necessary to reirradiate tlie specimen after each 
anneal to repopulate the electron traps. It can be 
seen that in the range from 250 to  350 "C the concen- 
tration of cation vacancies increases. Thus it appears 
that the defects wliicli produce tlie E band in tlic 
unirradiated crystal and the E band in the irradiated 
crystal break up  by tlie release of cation vacancies. 

6. Discussion. - As magnesium oxide is deformed 
it appears that at leust two types of vacancy clusters 
are formed. Tlie first, wliicli we have referred to as 
the 6 center, produces a n  optical absorption band at 
5.82 eV. The second type of vacancy cluster, referred 
to  as the E center, produces a band at 5.65 eV which 
is dichroic, indicating tliat tlie E center has < 100 > 
symmetry. We suggest that both tlie ii and r: absorption 
bands come from the same type transition, an  electron 
is excited from an adjacent oxygen ion into tlie adja- 
cent vacancy complex, forming a bound exciton. 
Presumably the E absorption comes at a slightly 
lower energy because there is a larger perturbation 
to the system. 

Just as the r center in the alkali halide captures a n  
electron and becomes tlie F center, in MgO it appears 



ANISOTROPlC OPTICAL ABSORPTION 1N DEFORMED MgO C9-345 

that the E center captures an electl-on and becomes 
an E center. Thus to utilize annealing data to help 
determine the character of the d and E centers we 
examine, in addition to the isocllrollal plot of the 
decay of the ((5 and c)  (( band )) also the decay of 
the E and V bands. 

At approximately 250 OC as the c and hence E bands 
begin to  disappear the concentration of V centers 
increases, indicating that the break up of the c center 
may be accompanied by the release of cation vacancies. 
Assuming an  oscillator strength of 0.1 [I] for the V 
band the increase of figure 2D corresponds to the 
release of 3 x 10" cation vacancies/cm3. While tlie 
c center is breaking up ;tnd the V band is increasing 
the concentration of c j  + E centers (Fig. 2B) is unchan- 
ged. This may indicate that 5 centers are left following 
the break up of the c band or that similar bound 
excitons are produced by the defects left as the c 
centers decay. 

From figures 2B and 2D it can be seen that as the 
V band stops increasing the 6 band begins to increase. 
This may indicate that at this temperature, appro- 
ximately 350 "C, the released cation vacancies migrate 
to anions to form clusters, thus increasing the (5 band. 
Apparently this process continues out to much 
higher temperatures because the V band intensity 
and hence cation concentration drops below that 
number put into the crystal by deformation, indicating 
that cations used for compensation are clustering. 

In an earlier work we attributed the decrease of 
the 6 band upon x-irradiation to the capture of 
electrons by vacancy pairs. We now see that the 
decrease was produced by the capture of electrons 
by c: centers, not 6 centers. From figure 3 we see that 
even after annealing at 800 "C there is a decrease 
in optical absorption in the c i  band region upon 
x-irradiation. However, upon subtraciing the absorp- 
tion after irradiation from that before one sees a 
peak at  5.05 eV indicating c centers that are stabilized 
and not decaying. Support for this view comes from 
the fact that the difference peak is the same height 
following anneals of 700, 750 and 800 "C. We suspect 
that the center is stabilized by the presence of impu- 
rities. The position of the i: band lc,~ds 11s to believe 
that i t  results from the same transition 21s the 6 band 
except a larger vacancy cluster provides :I slightly 
greater perturbation to the transition, that is 5.65 eV 
rather than 5.82 eV. Fro111 Iigure I we see that the c 
center is ;~nisotropic with its axis along a < 100 > 
direction. In the snmc figure it can be seen that the 
E band, resulting frnnl electron citpture by the c 

center, also has 100 symnietry. As indicated e:~rlier, 
this is demonstrated in a previous publication [2(/] 
by dichroic absorption a n d  blenching studies through 
all three I.itces of the crystal. T ~ L I S  the c center is a 
vacancy cluster \ r8 i th  100 symmetry that is an electron 
trap. Annealiilg studies indicate that the E band 
does not lose its dichroism, thus the vacancy cluster 

does not rotate, but is apparently annihilated by 
breaking up. Further evidence for this comes from 
the annealing studies of the V band which increases 
slightly as the E band decays. This suggests that 
magnesium vacancies are released as the E band 
decays. One clue to the identity of the E center comes 
from its method of production and the particular 
< I00 > direction along which it is aligned. From 
an earlier study in which the optical anisotropy has 
been correlated with the dislocation bands on the 
crystal face we know that the < 100 > direction 
of the I: center is the same direction along which 
vacancies are produced from jogs in screw didoca- 
lions. 

It was suggested earlier [2u] that the E center and 
I~ence the c center might result from a linear triva- 
cancy with oxygen, magnesium and oxygen vacancies. 
This would satisfy the requirements of symmetry 
and ability to trap electrons. It could be considered 
an Ff center perturbed by a vacancy pair. The tran- 
sition energies of the E center appear compatible 
with such a defect. 

In earlier work on CaO and SrO dichroism was 
reported in the (5 bands, indicating defects with 
100 symmetry. A careful subtraction of these bands 
in the literature indicates that the difference plots 
peak at slightly different cnergies from the unsub- 
tracted peaks. We suggest that this indicates the 
presence of c and 6 bands in these systems. Even 
though in MgO we have found tlie < 100 > ani- 
sotropy to be associated with the E band rather than 
the 0 band we still find the vacancy pair to be a 
reasonable suggestion for the origin of the (5 band. 
The lack of dicliroism in the cj band may result from 
the ease with which the magnesium vacancy may 
rotate about the oxygen vacancy during the for- 
mation process. 

Lun~inescence studies of the 6 and E bands are 
in progress. The emission is found to peak at  3.0 eV 
when the system is excited with photons of energy 
5.76 eV. The width of the absorption and emission 
bands are approximately equal. Additional absorption 
studies also appear to be fruitful in unravelling the 
defects produced by deformation. For example, 
the band at 4.56 eV i n  figure 1 has been observed 
in n number of crystals to have about the same 
relative height as the E, band (4.07 eV) as shown. 
However, when we deformed a thin crystal by bending 
rather than by con~pression the 4.56 eV band was 
considerably larger relative to the E, band. Other 
bands have been observed in the range of 4 to 6 eV 
upon annealing and irradiating the deformed crystals. 
These will be the subject of a later report. 
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