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2FPAE dEr, BAAEES ESR ol 25e FEHYS wolAw SO ATe g=2.0036
Q Ay Sy slolacldeh. FEUANclaEe Aw dE4e vehh] fioke] Az A
S}t a b cAFFoE BAAL HAANRAA g o4 ESR 9ot S EhaT 2E
W9 solass 4 Wolzel AAAAZNY ¢ A5 Asn 4 448 FAe A
sae) OEYL WS A7 AR T oAt $IAAL Aret o F 5y F gt 4
JRe Agdte] BE AAY ARTFEE Fsach

ABSTRACT. Single crystals of Potassium Sulfate (K,;SO;) have been grown from the saturated
solution by the evaporation method at the optimum conditions. Radiation damages in the crystal
by 7-irradiation of about 12X 10° Roentgen have given rise to paramagnetic centers or paramagnetic
defects. Electron spin resonance (ESR) spectra of the centers are obtained with the X-band EPR
spectrometer at room temperature. The ESR peaks of the paramagnetic species are found to be

ool l‘h‘

anisotropic but the peak of SO;™ radical is an isotropic of Gaussian shape at g=2.0036. A num-
ber of ESR spectra of the crystal for angular variation of the anisotropic peaks are recorded at
various orientations of rotation about &,5, and ¢ crystallographic axes respectively. The g-values
are calculated from the line position between anisotropic peaks and the isotropic one and then
principal g-values and its direction cosines of the species are obtained by diagonalization of 9

matrix elements of the corresponding g-values. All the paramagnetic defects are identified by the
characteristic principal g-values and its direction cosines.
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CHEE MM 8 24 Merckzﬂ 2559 K,
£ ol2g AA}= 1 %
LA AA F 50°CellA iﬁ}-r%°ﬂ-°— Els

2 A9 &7l 2 3 F SO
A& AAAAE A gl A &
glelok otx o 18°CHES 2
AAA 2= dshst Aotk &
HA zAlolty, olskge] 449 2
ArtA 2 A SAFFE] EAAT ‘Elfii
Az A&l gl ddolnz oz Az

o

ASE 4 99T R Azz A @
ARREE Ao Ano] AR $ERL
Agz Assgs oW Ael wAR AL
Leitz (Wetzlar) 700422 German, 3338w~
(polarized microscope; Hi-§& 100 2 6349] -
fyow A£BFAL vlado g o £ 9l
gl thA wrele]l Adjo] o A HEL A
Gxel g B3deld el ARG 3A 7l
LoAAA SR Sl A 2t

£ FEgs dAAA 82 #eglth

AEEHH A 53448 9F 12X10° Roentgen
9] r-A & 2AA7H KSOy A AWl 24F &
A4 54 (paramagnetic center)o]| 33t 7
(radical) Eo] AAAH, ol 7L Af7] (free

radical) o 93] A A2 -37 ¥o] 2 (ESR
peak) & ©] vEld Aoz JlH=ETh

y=-Ae ZAAF A FL AR A E z}_n_yl
Zo] FA3tE A @7 W Fe] ESR Folag 7
& F gk, ALo A Varian E-line EPR S-
pectrometer (X-band)Z -4 z9l A A
A ESRIolaE 4% AWt r-de =
AA A Ee AAAAE ofFd JFolax 7

Es - SR - BB - ST - BN

5% 4 adfieh SO;79 544 o] =& DPPH
(2, 2’ -diphenyl-1-picrylhydrazyl)® o] =8} &
Ag Ao A wolmz 2 AFAAHA DPPH
T HER ALT dart Add Ase AR
Jel A= FAEe HAAA ALFATY
AulEl ol ZAALS, ol Agw 3 Fo]
U AFEA %2 ESR dolad] A d¥de F
A & Aolelok gk, EPR E3¥-47] =%
ARl we B ARAe A=A g
7,

Scan Range : 200 Gauss,
Gauss, Time Constant : 0.5 sec,
4 min, Modulation Amplitude : 3.2 Gauss, Mo-
dulation Frequency : 100 KHz, Receiver Gain :

Field Set: 3383.5
Scan Time :

3.2x10% Temperature : room temp., Microwa-
ve Power : 20. 0 mW (10dB) ¥ Microwave Fre-
quency : 9.48 GHz 5-0] HAzAo|v, F4A4
el SO5~ 719 71& Folzel A F5484
o 250 ARPF A E4E Lolok A AALF
g FEE S Aok Az 4749 AAWAY a
b % cFAZe A3t A 0%l A} 180° 717
15°7 A0 2 A7 2 QA HA doA ¥
o] 2 5% ESR chartso] 7] E3}H .

3. dgldn

#2044 Scan Range: 100 Gausss 2} Microwa-
ve Power 5mW %} 2|8z Ye|xE APy
o Al wrdl A=A Fo] A r-Ad
AHE K,SO, A Ao EAlet= SO 719
WA ye]l 2.9 7] &2 Fig. 1414 ®¥E ups}
o}, g-7tol 2.0036 2.2 DPPH Y d]o]=.9}
A3k AAe A ebdS & = A
&8l3] Scan Range: 40 Gauss 2 3tz & =z
AL 8 25 2ol stz FWA SOy o)z
o] %387 (saturation effect) S 27| ¢ 3}
0.2mW ZY-E] 8.0mW 7}A microwave power
2 W3ty a4 2 FolaE 7 E3 AL Fig.
20]4 Bz uwjelk Zh 2.0mW o] A2 micro-
wave power ol A} 235 HE Ro]|Aql yo] =9
A Z.3-2 (line broadening) & Aol v} A 2] 7} % (in-
tensity) 7} o]z FAL nolx gt
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2 150°% A HALH e
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AR a b cHE
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Ao A RE A AT
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Fig. 1. Isotropic peak of the power unsaturated SO;~ radical coinciding
with the DPPH at 5 mW microwave power.

1: 0.2 mW
2:0.5 mW

3:1.0mwW

Fig. 2. Saturation behavior of the isotropic SO;~ peak at room temper-

Zh 4A F4 Folage] g
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ature : saturation effects are noticed for microwave powers in excess of 2. omW.

Fig. 8 @ Fig. 96|14 iz upe} o} o] & %
A9 Fr1gd o z2HE Schonland 0o 2 2+ A
AAEEo] o 28 g-3F9 9714 matrix ele-
A2 dE T Uk GE e R0
7} 45, 90 % 135°5< 7+ Tg?- 3k 2ol (g)?
= (g% 2z cos®0+2(g?) ., sin @ cos -+ (g2),,sin’0
59 AU Dt 9712 matrix elementsE
4 AAREEA At ARG F gk ol &

=
ments =-
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Fig. 3. ESR spectra of the y—irradiated K»SO; crystal at room temperature : the angles between b-axis and
, (b 30°, (c) 60°, (d) 90°,

the magnetic field (or bAH) in b-¢ plane with the rotating a-axis are (a) 0°

(e) 120°, (f) 150°.

matrix elements & ZFElz 2P S ALY _

o) 78} (diagonalization) 05t 7+ 44 %59 4¢3

*  g-zt(principal g-value)s} wW3Fe] & (dire- o 50°Coll A K;S0, 231589 & otE §F o

ction cosine) & @& 4 gleor olF AdE 18°C 9] Agow wAAY I £x9 Eg7}
Az, 2 9 Y &5E A% g,

Table 4} 453} vpe}l ek
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Fig. 4. Angular variation of the ESR line positions
of the paramagnetic species relative to the isotropic
straight line of SO;~ radical for ratation about a-axis
starting from 4/ H and ¢ | H in b-c plane.
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Fig. 5. Angular variation of the ESR line positions
of the paramagnetic species relative to the isotropic st-
raight line of SO;~ radical for rotation about &-axis
starting from a/H and ¢1 H in a-c plane.
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Fig. 6. Angular variation of the ESR line positions
of the paramagnetic species relative to the isotropic

straight line of SOz~

starting from a/H and b1 H in a-b plane.

radical for rotation about c-axis

Tablel. Angular variation of g-values of the para-
magnetic species of the y-irradiated K3SO; crystal for
rotation about a-axis from 6/ H and a-c plane | H.

Angle(®}| ga gs gc £p ge
0 2.0227 | 2.0128 | 2.0107 | 1.9986 | 1.9866
15 2.0200 | 2.0107 | 2.0116 | 1.9995 | 1. 9866
30 2.0186 | 2.0089 | 2.0125 | 2.0003 | 1.9906
45 2.0176 | 2.0069 | 2.0128 | 2.0001 | 1.9915
60 2.0182 | 2.0063 | 2.0134 | 1.9983 | 1.9912
75 2.0197 | 2.0075 | 2.0125 | 1.9965 | 1.9895
90 2.0215 | 2.0089 | 2.0116 | 1.9992 | 1. 9866
105 2.0236 | 2.0113 | 2.0101 | 1.9959 | 1.9837
120 2.0258 | 2.0134 | 2.0089 | 1.9959 | 1.9845
135 2.0261 | 2.0146 | 2.0086 | 1.9962 | 1.9828
150 2.0254 | 2.0152 | 2.0083 | 1.9965 | 1.9837
165 2.0248 | 2.0146 | 2.0098 | 1.9971 | 1.9848
180 2.0227 | 2.0128 | 2.0116 | 1.9983 | 1.9863
Aol e NS £33 Ha old wel &
ARz Aslrl Fakd spede]l gled
o Z7E Jepd = ok
ole] AAH K80, 24> F5849 AAE
o] A2 QA AHE ¢ F Act WAy
Aoz AAY A 2% Wd A L£FE o]
o] guaA delvts FEus Aty

DA AR AEEAc ©Co] WA (r-4D)
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Table 2. Angular variation of g-values of the para-
magnetic specices of the y—irradiated K»SOy crystal for
rotation about &-axis from a/H and b-c plane | H.

Angle(®)| ga gs g & g
0 | 20254 | 2.0107 | 2.0140 | 1.9956 | 1.9816
15 | 2.0261 | 2.0119 | 2.0137 | 1.9953 | 1.9813
30 | 2.0258 | 2.0128 | 2.0125 | 1.9953 | 1.9822
45 | 2.0251 | 2.0131 | 2.0104 | 1.9953 | 1.9837
60 | 2.0230 | 2.0128 | 2.0095 | 1.9959 | 1.9851
75 | 2.0218 | 2.0119 | 2.0095 | 1.9962 | 1.9869
90 | 2.0212 | 20116 | 2.0101 | 1.9962 | 1.9877

105 | 2.0218 | 2.0110 | 2.0113 | 1.9965 | 1.9872
120 | 2.0230 | 2.0107 | 2.0134 | 1.9968 | 1.9854
135 | 2.0245 | 2.0104 | 2.0149 | 1.9971 | 1.9837
150 | 2.0258 | 2.0107 | 2.0152 | 1.9965 | 1.9816
165 | 2.0258 | 2.0110 | 2.0149 | 1.9962 | 1.9813
180 | 2.0261 | 2.0113 | 2.0143 | 1.9956 | 1.9811

Table 3. Angular variation of g-values of the para-
magnetic species of the y-irradiated K.SO, crystal for
rotation about c-axis from @/ H and ¢-b plane | H.

Angle(®)| ga gs & £p gs

0 | 20255 | 20101 | 2.0146 | 1.9962 | 1.9816
15 | 2.0261 | 2.0113 | 2.0143 | 1.9968 | 1.9819
30 | 2.0253 | 2.0134 | 2.0137 | 1.9974 | 1.9826
45 | 2.0244 | 2.0146 | 2.0122 | 1.9980 | 1.9845
60 | 2.0230 | 2.0146 | 2.0107 | 1.9983 | 1.9869
75 | 2.0224 | 2.0137 | 2.0107 | 1.9986 | 1.9883
90 | 2.0221 | 2.0119 | 2.0116 | 1.9983 | 1.9886
105 2.0224 | 2.0089 | 2.0137 | 1.9983 | 1.9877
120 2.0233 | 2.0078 | 2.0146 | 1.9980 | 1. 9866
135 | 2.0239 | 2.0078 | 2.0149 | 1.9971 | 1.9840
150 | 2.0251 | 2.0089 | 2.0152 | 1.9968 | 1.9825
165 | 2.0258 | 2.0090 | 2.0149 | 1.9968 | 1.9819
180 | 2.0261 | 2.0101 | 2.0146 | 1.9965 | 1.9816

qZ7) o A vteE 9F 12. 0% 10° Roentgen & 7-
AS 2 gAAS 24T, -4 gAE F
] 2 ARE fe (vial)o] @A
bateh, ol -4 A A X-
o 1] %] ¢k =} (higher energy
quanta)E 77| #Fo E dTelA =AAA
WAl o 2 BEkgl
K;SO, tA Aol r-48 2AAA=H AR
A Eq] 5]

ibid
I
LB
N
rﬁ]
o
oot
ey

discrete orienta-

I A,
B
1

40‘;/0-""“‘\\

/v/_b_ﬂ\
YR Y ‘

| \\\g_,/y/

39
L : S

45 S0 i35

Fig. 7. Plot of g% vs. @ for rotation about a-axis.
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Fig. 8 Plot of g2 vs. 8 for rotation about &-axis.
tion) & ZQl AA W F3 FAstE = AAA
Ao FL3A 2w &35 4 S (damage cen-
ters)2& A gt olw] A& 2l Ed ) (pair
-wise trapping)2 A7|A] &xw AALFELS 4
A 2 AR AAd #4F &4 L EA ok
ol ESR =¥ ez}t & & =lztek] & <+ gl

Journal of the Korean Chemical Society



r-Ael 24 F42F FEA S 444 AR AR AA=AF AT

373

Table 4. Principal g-values and direction cosines of the paramagnetic centers of the y-irradiated K,SO, single

crystal.
Center Principal g-values Direction cosines

1. 0000 0. 0000 0. 0000

A 2.0261 2.0257 2.0172 0. 0000 0. 8409 0. 8409

0. 0000 —0. 8409 0. 8409

—0.5735 —0. 4068 0.9642

B 2.0118 2.0118 2.0118 —0. 8799 0.7815 —0. 4066
—0.7352 0.8799 —0.5736

0.9958 -0. 2280 0.3425

C 2.0123 2.0123 2.0123 0. 2147 0. 9988 —0.2278

0. 3460 0. 2147 0.9958

—0.5736 0.7351 0. 8800

D 1.9972 1.9972 1.9972 —0. 8300 0. 5612 0.7408
~0.7351 0. 8833 0.5612

1. 0000 0. 0000 0. 0000

E 1.9847 1.9801 1.9889 0. 0000 0. 8408 0.8410

0. 0000 —0. 8410 0.8408

sol AY §FHez

kA shehe Aol

4. W’

-
40- D

45 30 N

8 ( o)___,

Fig. 9. Plot of g% vs.
93 ZAole I - AP AAY
9] 714 3 A4 (magnetically dilution) & 42}
FAE FAG F dE o)Al A 7A LIt
= AW FAstE ARl AR FA
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¢ for rotation about c-axis.

rIr

Fig. 194 SOs~ 719 544 Feolze] g
2.0036 o2 DPPH’Y] wjo]z 9l dxx #ut of
Yz}l Fig. 2014 i uls} 7bo) _gi_f;]._i_:'}ﬂ- 1}
Bt Fol = 2 Felze Rrrst Felue &
= Rolx omz FEyolm g ALLE 4§ gl
o}, thA] welel DPPH & AL-23l7] $138he o]
Z Ml (double cavity)E AF&3 o) ¢
o Aol 2Ab K80, A4 %5 80577 ¢]
9o AAA FAEY A eRE BAI] §
dte] 20mW (10dB)2] microwave power ¢ 4]
7]53% ESR 2% E& & Fig, 3014 £ 4 gtk
Fig. 3(a)& a-cd¥} Ago] FRolz b-Z3}
Aol vkt B39 2 Eztolx (b)) o F
& AZoz b-Z3 AR ZEr} 3009 A
G0 = Eelt, Z2 YPoz 4EE 60~
180° 2 3R A F o} 180°¢) 42 ~H ERtE 9

A3 0°9 A9 TRz AT dert ¢l
ot %2}“ SAEC o #FHA 4%l
ol w AWsdEH A B C DR EF
152 BASE FAFY 3934 SO 79 3
olawt 7132 ZAA ¥k Fig. 3 (a),
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), ©), @, (& 2 HFTY 2=¥EHE A
A3 vlms A, B, C, D¥E ESY AAH
Zof| g3 Folz o] A7 H3ld w
2} o] & (shift)3t= RFE £ F AT FE
JAFoZ b-F3 AA7 olFE AEE (°
ol A 180°7tA] 15°7+A o2 FHAAFHUA 7 F
3l ESR 2#d Ez}e] m]o]l 344 X (peak line
position)5h-& =28 & Fig. 464 ReFr},

A Zol -5 -2 AFE e wyoR
Fig. 59 Fig. 6° Z7 24389} o] & A4
AL A7 wsle] @& o] 5o F/4& A
43te] 7 AAA FEo] S8 AolaTES
THE F vk AFel dAdde IAoare
A Re] &g A vehg dolaet At
ol A et o]l kel & A 90°% =&
3t FUAE Zed. 94 SO 719 Fol
29 Aol azke Az Ao A
oly T8 F Jdxz o AR e h5Ad°

st 7 A4 FEY g AT F
Slth,

ey

g=2. 00361+ Lt~ L)

od 71 A Hp = SO5 719 do]zrt vehd =
Zolz H,& ot FEY Folart vehd A3
9] A71el et Fol vehd Ao A7|7 v

FE g-3el 2z ol AR sEub] 25
7b A2 AL ofw i

Table 1014 & uls}l 7ol AF9] g-7h(ga)
= 45%9 A 2.0176 0.2 HA%E ZEar 135%40] A
2.0261% 3 e Zerh ol 2ol gg g0 g0
9 grEE 90° AL E At A& F
ANd oz vepdeh oleld AL Table2
Table 3 A = 247+ et gl

Fig. 7, Fig. 8 '} Fig. 9014 1 ulelzlo]
g2 & 64 Wt zEl Aot ARA Fde] A
Hol A x}23e] gmatrix elements 2 18-
T gt g AgA o 3 g3k e
e kA0 Eof izt

g*=a+fcos20+ysin20 2

A7A «, R 7 E H&AS debEol

ARz FAGA g-gke] HAA g.o A=A g-

L ?‘ﬁltﬂ g—%k% e 7-} 6, =2 oo Az P
°| a 2 rE 9L 4 A

2a=g+2+g_

28=(g,>—g-?cos 20,

2r=(g+*—g-"sin 20, (3)

o] w g-%2] 9matrix element'?= kg3 7
o] AMHAtt

@stfs 73 72
az— By
T3 as—fBs @)
a1+p
T2 73 0-'2+gz
ar—pPz

WA vzt T8 A 9 matrix element &+ A
A o] AT Aol Hdsted 3 AE
WEgdez dATE Tz o F gl
EE AAAEL g et 217 9 matrix'element
& d& 7 Jded FHHZEaR e AL
olEE WHAMNAA F g-7(8er &y &)

kel g A
Z AR FAE F 7% WFdd
Table 4 94 B uke} 2t

AR FA A T %S HTAHd g7t
2.023 2. 24 SO, 7818 B¥ g..7F ¢F 2.0
1291 Aoz Hol SO, 7|M2 77 FA43td .
A4 F4 CE go7t 2.01209 WA F
g3 ZE Aoz uFo] B o 077 M 3
Fect. DFEAL Add EA%E 0.74%9
#5057 9 98 Wl (mr=3 )] 2¥1A 5
-8 (hyperfine interaction)d]] 2]&le] 21417 =
42 ZbA (splitting)® 2# =eke] wix] et
dolze] tfggtrt. weA 349 FojaEx
SOs7719] W4 Folz FIollA HAE 5 9l
o, EEAL A3 =4 (electron type center)
o2 ol ASHE A AAEe] EfH A

2 FApstd ez & 4 vk Sl ol
Al 2 AA AAA T (lattice defect)o] ) A =}
44 ERT T e ELE F5R4 9
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el zAd F44E 2449 A4 AP 4 AA=dF AF 375

Ste] FA7h e = o] QA3 54 (electron ex-
cess center)?S FATE Ao g JA4F F gl

A AR F4 Fe kol (noise) ] H]
A5:1A%2 ded Aol aEe 9K (m=3)
25 SO 7|7kl ZwlA 2=k (hyperfine
splitting)ef] 2}3F 4719 ZwlAAE] 33
o}, 4K3 9 A9 %4 1] ¢t (spin Hamiltonian)®
< &3 Zel & 4 3rh

gg:n‘e[ng.rSz+ngySy+ngzS=] +I. A.S.

£

AN S=52 ARzRolz =30z dx

£ R A 39 g B mtavlE,
He A4 9 S+ AA=A S vehid, -3
& A=A FAstE A FATE A
et A= A=E vdeEplE Aol o
A e Al sy a9 Fe AR
FAYD FE g3 ax FPEAL ¢S AF
o Al o] Fo] == wiebA ESR Folae v 3
ol A vEhde,

F AR Aw d2d5) AAAARY] &7
A &2 244 (hyperfine coupling constant) & 1}
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