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The emissions around 420 and 370 nm of CsI: Na excited by the UV absorption associated 
with the Na+ ion are studied by measuring the temperature dependence of decay times, the 
magnetic circular polarization, and ESB by optical detection. The results suggest that the 420 nm 
band is due to a localized exciton adjacent to a substitutional Na+ ion. The basic properties of 
the electronic structure and kinetics of the exciton are obtained. These results are discussed in 
relation with the self-trapped excitons in CsI. 

Les émissions à 420 et 370 nm, du CsI: Na excité dans la région d'absorption UV associée a 
l'ion Na+, sont étudiées en mesurant l'évolution des temps de déclin en fonction de la température, 
la polarisation magnétique circulaire et la RPE par detection optique. Les résultats suggèrent 
que la bande à 420 nm est due à un exciton localisé sur un ion Na+ en position substitutionnelle. 
Les propriétés fondamentales de la structure électronique et la cinétique de l'exciton sont déter­
minées. Les résultats sont discutés en relation avec l'exciton autopiégé dans le CsI. . 

1. Introduction 

I n CsI crystals, the 338 and 290 nm emission bands of the self-trapped excitons (STE) 
have been studied experimentally [1 to 3] and a model describing their ionic and elec­
tronic structures has been proposed [4, 5]. I n CsI crystals doped with Na I , two addi­
tional emissions peaking around 420 and 370 nm (called here 420 and 370 bands) occur 
under UV excitation [6, 7] jus t below the first excitonic absorption band. This very 
efficient 420 nm emission occurs also under ionizing irradiation [7] and even after such 
irradiation a t low tempera ture [8, 9]. 

I n the previous paper [7], the absorption, excitation, and emission spectra associated 
with N a + ions in CsI : Na were investigated with both UV and X-ray excitation for 
4.2 K < T < 300 K and for different doping ra tes of Na + . The study of emitt ing 
centers was done by measuring the temperature dependence of the decay times of 420 
and 370 bands. Each of the former and the la t ter emissions was a t t r ibu ted to a single 
sort of exciton which is composed of singlet + triplet states and triplet s tate, respec­
tively. 

I n the present work, further experiments on those emissions in CsIrNa, especially 
the measurement of the magnetic circular polarization (MCP) and the electron spin 
resonance (ESR), have been carried out under UV excitation. The analysis of the 
experimental results gives the na tu re of the electronic s tructure of the localized 
excitons and leads to the proposal t ha t the 420 band is due to an exciton localized a t 
a substi tutional N a + ion. 

Experimental procedures and results of absorption, excitation, and emission spectra, 
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decay times, ESR and MCP will be shown in Sections 2 and 3, respectively. The nature 
of the excitons will be obtained in Section 5 by the analysis of the results based on the 
model introduced in Section 4. The proposed model of an exciton localized at a Na+ ion 
will be obtained by discussing this nature in Section 6. Conclusion will be given in 
Section 7. 

2. Experimental Procedures 

Single crystals of CsI doped with NaI (10 to 1500 ppm) were grown in our laboratory 
by the Czochralski method from Merck suprapure powder. The samples, cut generally 
with (100) faces in suitable sizes, were polished and annealed at 450 0C to eliminate 
internal strains. They were mounted in a He-flow-type cryostat for the optical measure­
ments or in a variable temperature cryostat with a split-coil superconducting magnet 
for the magneto-optical measurements. 

For the measurement of the emission and the excitation spectra in the temperature 
region 4.2 K < T < 300 K, we used a conventional arrangement. The light from a deu­
terium lamp goes to the sample through a prism monochromator "Leitz". The emission 
was detected at right angles by an "EMI 9558QB" photomultiplier tube (PM) through 
a second prism monochromator. Por the decay time measurements, the deuterium 
lamp was replaced by a home-made nanosecond pulse discharge deuterium lamp [10]. 
The detection system was composed of a cooled PM "RCAC31000M" followed by 
a time-resolved single-photon counting system. This system consists basically of a time 
to pulse-height converter (TAC) "Ortec 437" and a multichannel pulse-height analyser 
"NS 575A, Northern". With this statistical sampling method, we were able to measure 
decay-time constants between 1 ns and 100 JJLS. 

For magneto-optical measurements, the magnetic field (H0) was applied parallel to 
a <100> crystal axis and the emission was detected along the same direction as H0. 
Adopting a conventional set-up with a stress biréfringent modulator, we measured the 
MCP of the emissions under UV excitation for T > 1.4 K. 

Optical detection of ESR was performed by replacing the optical tail in the experi­
ment above by either X or Q band microwave cavities ; each of them has two holes 
for the excitation and the detection. The microwave systems have microwave switches 
for the power modulation at 700 Hz. The emission intensity of either 370 band or 
420 band has been detected synchronously with the modulation frequency of the 
microwave power. Detailed descriptions of all of these experimental procedures are 
given in [10]. 

3. Experimental Results 

5.1 Absorption and excitation 

CsI : Na shows an UV absorption peaking at 230 nm which is just below the first ex-
citonic absorption band in CsI at 4.2 K [7]. I t shifts to the lower-energy side when the 
temperature increases. Excitation in this UV region leads to the emission of 420 and 
370 bands. The latter one has an efficiency of a few per cent of the former. 

3.2 Emission spectra 

Fig. I b shows the emission spectrum of CsI : Na when it is excited at a favorable wave­
length (238 nm) for the 370 band. The peak position and half-width à.E of both bands 
are temperature dependent [7] ; their values are, respectively, (368 ± 2) nm and (0.27 ± 
± 0.03) eV for the 370 band at 4.2 K in CsI: Na. Under continuous excitation, the 
intensity of the 420 band remains nearly constant in the temperature region between 
1.4 and 300 K, while that of the 370 band decreases by increasing the temperature 
and disappears around 250 K. 
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Fig. L. a) Emission wavelength dependence of the 
MCP at H0 = 51 kG and T = 2 K; b) emission 
spectrum of CsItNa at 5 K under the UV excita­
tion at 238 nm. The experimental result (solid line) 
is decomposed into two symmetric Gaussiana 
(dashed lines) 

3 i. 
photon energy IeVi •-

3.3 Temperature dependence of the decay times 

The emission decay of the 420 band after UV pulse excitation a t 44 K is composed of 
two exponential curves with time constants Ta = 7 ns and r ta = 4.8 jxs. By increasing: 
the temperature , the fast component decreases and disappears around 200 K keeping 
the same t ime constant , while the time constant of the slow component remains con­
s tant up to 60 K and then decreases down to 0.3 (AS a t room tempera ture . The results 
for the slow components are shown in Fig. 2. For temperatures lower t han 60 K, the 
decay times show the characteristic behavior of the unthermalized triplet s ta te [7]. 
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Fig. 2. Decay times of the 420 nm emission, under UV excitation of CsI: Na, as a function of the-
temperature. The solid line is obtained by assuming the one-phonon relaxation process between 
the triplet and the singlet levels and a non-radiative transition from the singlet level to the ground 
state. The dotted lines represent the fit given in [7] 
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Fig. 3. ESR signals obtained by means of the optical detection on the 420 nm emission in CsI: Na 
at L.4 K with the magnetic field parallel to the <L00> direction and microwaves at 33.57 GHz. 
The sensitivity at 32 kG < H0 < 36 kG is 2.5 times larger than that at the lower field 

The tempera ture dependence of the decay time constants of the 370 band is in­
vestigated up to 73 K [7] ; their characteristics are the same as those of the 420 band 
except the absence of the fast decay with ta •< 10 - 8 s. 

3.4 Magneto-optical experiments 

The E S R signals in Fig. 3 were observed by monitoring the 420 band under continuous 
UV excitation ; H 0 is applied parallel to <100>. Each of these signals has approximately 
a Gaussian lineshape with a half-width of (1.70 ± 0.05) kG. The ESR signals with the 
same lineshape were also observed with X-band microwaves, a t different values of H0 

applied along <100>. On the other hand, no ESR signal was found in either X or Q bands 
when Jf0 is applied along a <110> direction. Detecting on the 370 band, we found no 
ESR signal in both X and Q bands. 

In Fig. 4, the magnetic field dependence of the MCP (MGP(H0)) of the 420 band is 
given a t several temperatures from 4.2 to 140 K. The MCP(Ii0) shows a peak a t 21.5 kG 
and another weak one around 4 kG at low temperature. The MCP(A0) of the 370 band 

a t 4.2 K is shown in Fig. 5. I t increases smoothly 
when the magnetic field increases. No peak like the 
one observed in the case of the 420 band was found 
up to 50 kG. 

The MCP was measured also as a function of the 
emission wavelength in bo th 370 and 420 bands a t 
fixed H0; the result is shown in Fig. I a . The MCP 
intensity is constant in each band. 

The magnetic field dependence of the slower decay 
time constant Tta was measured a t 4.2 K for H 0 along 
<100> by monitoring a circularly polarized 420 emis­
sion. Tta decreases monotonically with increasing H0, 
with a weak dip around 22 kG. 

Fig. 4. Absolute MCP = (I~ - I+)I(I- + I* + I) of 420 
band in CsI : Na tinder the UV excitation at 234 nm and the 
magnetic field parallel to <100> direction 

40 
H0 IkG) — 
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30 40 
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Fig. 5. AbsoluteMCP = (7" - 1+)/(1-+1++1) 
of the 370 band in CsI: Na at 4.2 K under 
the UV excitation at 237 nm and the magnetic 
field parallel to <I00> direction 

4. Model 

We adopt a phenomenological model similar to that used in [7]. The electronic level 
scheme is given in Fig. 6a; the singlet level does not intervene for the 370 band. 
A a-dipole transition occurs from the singlet level 4 and a multiplicity-forbidden 
^-transition from the triplet state (levels 2 and 3) takes place because of the singlet 
mixture through the spin-orbit coupling. E&t is the average energy separation be­
tween singlet and triplet states. The zero-field splittings in the triplet state are de­
noted D and E, as it will be seen in (1). 

When H0 is applied along the z-direction and gßH0 <§; Est, the triplet state can be 
described by the following effective spin Hamiltonian : 

X = g2ßH0S, + D[S2z~± S(S + I)] + E(Sl - tf (D 
In this equation, the third term is zero when the system has axial symmetry. The 
z-direction is parallel to the <100> crystal axis in the case of the self-trapped excitons 
in CsI. 

The kinetics of the exciton with the energy levels shown in Fig. 6 a can be described 
by four coupled rate equations 

dwj 

dt 
GiJn1 + -Bt : (2) 

where i = 1, 2, 3, and 4, nt is the occupation probability of level i at time t and .B4 is 
its creation rate. The rate constants (¾ involve the spin relaxation and the radiative 
transition rates [H]. 
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Fig. 6. a) Electronic levels scheme of a localized exciton. The ground state is singlet. Energy is 
not to scale. Detailed structure in the triplet state is simplified depending on the temperature of 
the excitons, b) Probable position of Na+ ion in the cluster of the STE perturbed by Na+ in CsI 
crystal 
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5. Analysis 

5.1420 band 

The parameters gz, D, and E in (1) have been determined using the four ESR signals 
botained in bo th X and Q bands ; they are shown in Table 1. I t must be pointed out 
t h a t the consistent fitting of these four da ta was possible only for the case with E 4= 0 
and the z-direction parallel to <100> axis. 

Table 1 

Values of the different parameters (see text) obtained from the analysis of the experi­
mental data on the 420 emission band 

D \E\ gz Est T r b Trt T3 Em Tnr 

(eV) (eV) (eV) (s) (s) (s) (eV) (s) 

2.4 X IO"4 5.5 X IO"5 1.87 3.5 XlO"2 3.3x10-« 4.8XlO"8 7 XlO"9 3 XlO"2 1 X10"8 

The fact t ha t the unique triplet decay time constant does not vary (4.8 fzs) between 
30 and 60 K indicates tha t the triplet s tate is decoupled from the singlet s tate ; the four 
coupled equations in (2) can then be decoupled to one equation for the singlet and to 
three equations for the triplet s tate. I n [7], the dependence of the triplet decay times, 
on the tempera ture below 60 K, has been analyzed in terms of two coupled ra te equations 
where the levels 2 and 3 in Pig. 6 a are t reated as a degenerated level whose lifetime 
is Trb ; the contribution from two-phonon relaxation process was also pointed out. The 
value of D chosen for the fit is the same, within experimental error, as t ha t obtained 
by E S R and shown in Table 1. The dot ted lines in Fig. 2 represent this fit [7]. Although 
we have confirmed t h a t E 4= 0, the analysis shown in [7] is still reasonable if one takes 
into account the experimental accuracy. We can have bet ter fit of decay curves by 
assuming three decay time constants as theoretically expected. However, two of 
them (rt2 = (3.3 ± 0.3) [JLS and t t 3 = (2.9 ± 0.3) [xs a t 4.2 K) are the same within 
experimental error. 

When the temperature is higher than 60 K, r t a decreases with increasing tempera­
ture . This may be due to a depopulation process from the triplet levels through the 
singlet level to which the excitation is induced by phonons. I n order to analyze the 
decay times in this temperature region, the rate equations in (2) are simplified by con­
sidering the triplet s tate as a triply degenerate level whose lifetime is r r t ; the one-
phonon relaxation process is assumed between the triplet and singlet levels. A non-
radiat ive transit ion probability from the singlet level to the ground state ((l/rn r) X 
X exp {—EmjkT)) is added since the singlet component disappears for T > 200 K. 
The solid line in Fig. 2. is t he theoretical curve obtained in this manner ; values of 
fitting parameters are listed in Table 1. 

As one can see from (1), the level crossing occurs between levels 1 and 2 when H0 

is applied parallel to the z-axis. Anomaly in MCP(ZT0) and Tta(Jf0) may occur around 
the level crossing. Experimental da ta of MCP(H0) and tt&(H0) are qualitatively consis­
t en t with the model and parameters obtained so far. The analysis of these da ta , a t low 
temperature , have been tried by adopting the model [11] where a local magnetic field 
is introduced to represent the hyperfine interaction in (1). This explains well the peak 
of MCP(H0) a n ( i the dip of Tta(-H0) around the crossing bu t does not predict the small 
peak of MCP at 4 kG; this ohe is probably due to the magnetic field dependence of the 
creation process of excitons. 
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5.2 370 band 
The tentative analysis of the temperature dependence of the decay times [7] gave a life­
time rrb = 1.7 [xs and D = 2 X 10 -3 eV by assuming the one-phonon relaxation pro­
cess. As for the zero-field splitting, however, the value would not be consistent with 
the fact that the triplet state is in thermal equilibrium above 15 K, where a unique 
exponential decay is observed. The relaxation rate between levels with such a large 
splitting (2 meV) would not be fast enough at 15 K to maintain the thermal equili­
brium competing with the radiative process. This inconsistency is due to the contribu­
tion of the two-phonon process. 

We saw neither ESR signal nor peaks of MCP up to 52 kG. This does not mean neces­
sarily that no level crossing occurs in this magnetic field region [H]. Therefore, the 
determination of D and E remains for future work. 

The decrease of the unique triplet decay time constant at T > 30 K together with 
the decrease of the 370 emission intensity suggest a contribution of a non-radiative 
process from the triplet state in this temperature region. 

6. Discussion 

6.1 420 band 
The observation of the ESR was possible only when H0 was along a <100> direction. 
Furthermore, the anomalies of MCP(S0) andTta(.ff0) were observed for the case that H0 

is parallel to <100>. These two facts indicate that the system has the z-axis parallel 
or approximately parallel to a <100> direction. From the position of the excitation 
energy and the temperature dependence of decay times, we have proposed a localized 
exciton as the emitting center [7]. The fact that the z-axis is nearly parallel to <100> 
supports strongly this idea. 

The parameter E in (1) is not zero. This indicates that x- and ^/-axis are not equi­
valent ; the symmetry should be lower than D41, which is the symmetry of the STE in 
CsI. From this results, one can say that the exciton is localized at an imperfection. The 
imperfection is probably a Na+ impurity ion. 

From the study of the absorption band at 717 nm in X-irradiated CsI: Na crystal 
[12], the presence of a Na atom located at the substitutional on-center or off-center 
positions is deduced. If we could adopt the result of the Na atom for the localized 
exciton, the most probable ionic structure might be the structure shown in Fig. 6b. 

The width of the ESR line (1.7 kG) is consistent with the value estimated from those 
of F and Vk centers in CsI, as it was done for the STE in other alkali halide crystals 
[13]. Furthermore the similarity between the MCP of 338 and 420 bands suggests the 
similarity of their magnetic structure [11] except that the exchange energy for the 
420 band is smaller than the one for the 338 band. According to our study of the re­
combination emission in CsI : Rb and CsI : K, one can notice the systematic energy shift 
in the emission of those crystals: 338 nm in CsI, 350 nm in CsI:Rb, 370 nm in CsI:K. 
We could consider the 420 band as an extension of this series. These results suggest 
a correspondence between the 338 band in CsI and the 420 band in CsI : Na, as it was 
pointed out in [14]. The 338 band involves only thé triplet state, while the 420 band 
involves both singlet and triplet states. However, according to the model developed 
by Iida et al. [4], the exciton which is responsible of the 338 band should involve both 
singlet and triplet states. Therefore, this difference could be due to different ionic con­
figurations between those centers in the relaxed states. 

Since several models have been proposed for the origin of the 420 band, we have 
checked the possibility that this band would be composed of several different bands 
by measuring, for example, the wavelength dependence of MCP in the 420 band, as 
shown in Fig. Ib . Our experimental results do not support the idea. 
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6.2 370 band 

I n [7], we investigated the absorption, excitation, and emission associated with K + 

ions in C s I : K . In this case the characteristic emission occurs a t 370 nm. The na tu re of 
the 370 band in each of CsI : Na and CsI : K crystals is different. The main differences 
are (i) in the absorption and excitation spectra which are a t higher energy in CsI :K , 
(ii) the peak position and the half-width of the emission bands, and (iii) the existence of 
a singlet decay of the 370 band in Cs I :K . This singlet component is evident a t 70 K 
and grows by increasing the tempera ture . 

The excitation spectra of 370 and 420 bands in CsI : Na are not the same, while the 
290 and 338 bands in CsI have the same excitation spectrum [15]. This fact suggests 
t ha t the relation between the 370 and 420 bands would be different from tha t between 
the 290 and 338 bands, or type I and type I I excitons in CsI obtained by the theoretical 
model in [4]. 

7. Conclusion 

The na tu re of the 420 emission in CsI : Na has been determined. This emission is a single 
band due to a triplet + singlet exciton localized a t an imperfection with a symmetry 
lower than D4J1. The ionic s tructure could be described by the cluster of the STE in 
CsI where a Cs+ ion is replaced by a N a + ion. 
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Self-Trapped Exciton Luminescence after Tunnelling 
of Vk and Na0 Centers in CsIrNa Crystals 
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K. IMANAKA, A.-H. K A Y A L , A. C. MEZGER, and J . R Ö S S E L 

Tunnelling recombination luminescence in CsI :Na crystals is studied by means of linear polari­
zation, magnetic circular polarization, and optical detection of ESR either under or after X-ray 
irradiation. Results are well interpreted in terms of a self-trapped exciton (STE) scheme as the 
final emitting state of tunnelling recombination; here, in the present case with tunnelling, the 
population for each STE sublevel is derived from the thermal equilibrium spin populations of 
trapped electrons (Na0) and holes (Vk) instead of the usual creation rate in UV light excitation 
case. 

La luminescence de recombinaison après un transfert par effet tunnel est étudiée dans un cristal 
de CsI :Na à l'aide de la polarisation linéaire, de la polarisation magnétique circulaire et de la 
détection optique de la RPE soit sous irradiation par RX soit après irradiation. Les résultats 
peuvent être interprétés par un modèle d'exciton autopiégé (STE) créé après un transfert par 
effet tunnel; dans le cas présent, la population de chaque sous-niveau de l'exciton est calculée 
à partir des populations de spin d'un électron piégé (Na0) et d'un trou (Vk) en équilibre thermique 
au lieu du calcul usuel à partir de la probabilité de création dans le cas d'une excitation UV. 

1. Introduction 

In spite of a number of studies on the tunnelling recombination luminescence of t rapped 
hole (Vk) and trapped electron (M0) centers in alkali halides doped with impurity 
ions M+ [1 to 3], very little is known on the emitting s tate after tunnelling. In this 
report , by a s tudy of CsI iNa crystals as one of examples, we propose t ha t the re­
combination luminescence occurs via the self-trapped exciton (STE) s ta te 'per turbed 
by an M+ ion after tunnelling, since in this crystal the emission band peak ( = 420 nm) 
and halfwidth under or after X-ray irradiation are almost the same as those by UV 
light excitation [4]. 

Magneto-optical properties of the 420 nm band in CsI : Na have been studied ex­
tensively in our laboratory by TJV excitation [5] and by X-ray irradiation [6, 7]. In 
the lat ter work, some ESI l signals in the 420 nm emission with X-band fj,-wave have 
been observed, which are not seen in the TJV excitation case and whose resonance 
positions seem to correspond to the resonance a t Vk centers [8]. By this result, we 
suspect t ha t the STE preserves a memory of paramagnetic centers, Vk and Na0 , 
which will be recombined by tunnelling. On the basis of this hypothesis, we introduce 
thermal equilibrium spin populations of each center as the population of the STE 
state . 

To confirm these ideas, we measured linear polarization (LP) (preliminary measure­
ments have been done in [9]), magnetic circular polarization (MCP), and ESR optically 
with Q-band jx-wave, in emission. These experimental procedures and results are 
given in Section 2. In Section 3, an STE scheme is calculated approximately in D 4 h 

symmetry. Section 4 is devoted to comparison with experiments and discussions. 

1J 2000 Neuchâtel, Switzerland. • . ; . ' " 
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2. Experimental Procedure and Results 

Single crystals of CsI doped with N a + impurities ( ^s 200 ppm) were cut into suitable 
sizes with all surfaces being (100) oriented, and were annealed a t about 450 0C for 
one day in order to get rid of internal strains which depolarized the emitted light. 
Then, the specimens were mounted on a sample holder in a flow-type cryostat for 
the L P measurement, or in a superconducting split-coil cryostat for the MCP; in the 
case of optical detection of ESR, the sample was placed on the bot tom of a TE111 

Q-band jx-wave cavity. The 420 nm emission was obtained under or after X-ray 
irradiation from a tungsten-target tube operating a t 150 kV/10 m A, and detected by 
a photomultiplier (EMI 9558 QB) through a monochromator or appropriate broad 
band pass filters. 

In some of measurements, we stimulated an I R absorption band of Na 0 centers to 
liberate electrons from the t rap centers [10]. By this method, the 338 nm intrinsic 
luminescence of CsI was induced through the recombination of an electron and Vb 

center [10, 11], and the 420 nm tunnelling recombination was s t imulated: When we 
measured the emission using chopped I R light ( « 100 Hz) with a lock-in amplifier 
or using cw I R light with an ammeter, the 338 nm emission intensity did not change 
in both eases, bu t the 420 nm emission was too small to be detected in the former 
case. In all measurements, the emission was detected along the < 100> crystalline axis 
(z-direction). 

2.1 Linear polarization 

After X-ray irradiation a t temperature lower than 40 K, Vk centers were almost 
completely aligned to the [010] (y-) direction perpendicular to the detection axis by 
illumination with unpolarized V k excitation light ( = 410 nm) from a Hg lamp 
(HBO 200) with appropriate filters. Then, the L P of emission was measured by using 
a rotat ing linear polarizer and a lock-in amplifier. A schematic diagram for this meas­
urement is shown in Fig. I a . An experimental result is shown in Fig. 2a, where I\\ 
and Ij_ represent emission intensities polarized parallel and perpendicular to the 
aligned Vk center axis, respectively. In these measurements, we stimulated the I R 
band of Na0 in order to emphasize contrast between the 420 nm band and the intrinsic 
luminescence of CsI pure exciton (338 nm, -K-polarized) [11], since no tunnelling re­
combination luminescence of 338 nm was observed. The solid curve in Fig. 2a gives 
the value of L P defined by (/|| — I±)[(I\\ + /j_) ; these da ta were corrected for the 

IR light 

y aligned Vk 

rotating linear 
polarizer 

emission /T\ 

i a 

X-rays 

photoelastic 
modulator 

emission 

tm 

Pig. L. Schematic diagrams of measurements 
for a) linear polarization and b) magnetic cir­
cular polarization 
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Fig. 2. Experimental results of a) linear polarization of emission for 420 and 338 nm bands (solid 
lines give the corrected LP) and b) temperature dependence of LP for 420 nm emission (arrows in­
dicate thermoluminescence peaks) 

polarization effects of the measuring system by using da ta of L P under X-rays without 
Vk alignment. We can see clearly the a-polarized character for the 420 nm band 
contrary to the 7t-character for the 338 nm band. This result suggests t ha t the 420 nm 
band contains the emission from the singlet s tate . I n Fig. 2b , the temperature depend­
ence of L P for the 420 nm band is depicted; in this measurement, we did not st imu­
late the I R band of Na 0 in order to avoid rapid bleaching of centers. I t shows a peak 
a t around 55 K followed by a rapid decrease unti l reaching negative values above this 
temperature . Thermoluminescence peaks [12] are also indicated by arrows for dis­
cussions. 

2.2 Magnetic circular polarization 

The magnetic circular polarization of 420 nm emission was measured under X-rays 
by using a photoelastic modulator (Binds) with the magnetic field, H0, parallel to 
the 2-axis for 0 < H0 < 50 kOe a t 1.6 K < T < 80 K ; here, we define the MCP by 
{!„_ — / o J / 7 t ( / f 0 ) , where T0 and Jn+ are circularly polarized intensities of emission, 
and Ii(H0) is the tota l emission intensity. A schematic diagram for this measurement 
is shown in Fig. I b . Experimental results are shown in Fig. 3 by solid curves. This 
result suggests tha t the triplet s tate is also involved in the 420 nm band. However, 
absolute values of MCP are much smaller than those obtained for the intrinsic lu­
minescence of CsI a t the same temperature [ H ] . This fact supports t ha t the singlet 
s ta te is also contained in the 420 nm band as mentioned in the L P result, since the 
emission from the singlet s tate contributes only to the denominator of MCP, It(H0). 

A result of MCP by UV excitation (230 nm) a t 4.2 K [5] is also shown in Fig. 3 by 
dashed curves in order to clarify the identi ty of emitting s tate in these two cases of 
the present tunnelling recombination and the STE luminescence by TJV excitation. 
Results show similar behavior under both X-rays and UV, bu t curves are rather 
simpler in the X-ray case; especially, the peak a t around 21 kOe in UV case, which 
is assigned to be due to level crossing in the triplet s ta te [4, 5], is not so apparent in 
the X-ray case. This fact implies tha t populations in STE sublevels are different in 
the X-ray and UV cases. Details will be discussed later. 

29« 
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Pig. 3. Experimental results of the MCP as a function of mag­
netic field and temperature for 420 nm band. Dashed line 
shows the MCP obtained by UV excitation at 4.2 K. 

under X-rays, under UV 

0 10 20 30 W 50 
H0IkOe 11—-

2.3 Optical detection of ESR 

The Q-band pi-wave transition was observed optically via the 420 nm emission a t 
1.5 K by using two methods with the magnetic field being parallel to the <100> 
crystalline axis (z-direction) ; a) by monitoring changes in the total emission intensity 
with chopped [/.-wave ( « 4 0 Hz), and b) by monitoring the MCP with cw (i.-wave. 
Experimental results are shown in Fig. 4 a and b for the cases a and b, respectively. 
Here, we used X-rays and I R light simultaneously as excitation and stimulation to 
enhance the signal-to-noise ratio, since a t these low temperatures, t rapped centers 
were ra ther stable. Resonance frequencies were calibrated by setting D P P H inside 
the cavity with the sample. These ESR signals cannot be observed in the UV excitation 
case. On each figure, we can see one sharp resonance j)eak a t the lower magnetic 
field side and a ra ther broad signal a t higher field. These signals do not seem to have 
Gaussian lineshapes; this is not unreasonable when the resonance occurs in a trapped 
hole or in a t rapped electron. By a theoretical inference described later, the resonance 

10 11 12 13 14 15 11 U 13 tt 15 
H0IkOeI-*-- HnIkOeI-* '.-'• 

Fig. 4. a) ESE signal obtained by monitoring the change in total emission intensity and b) ESR 
signal on the MCP. T = 1.5 K, v = 36.3 GHz, for a) and 36.9 GHz for b), 420 nm band 
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positions for the Vk center are indicated by arrows with çr-values of <7j_(Vk) = 2.27 
for Vk _|_ H0, and <7n(Vt) = 1.89 for Vk [| H0 determined by the electronic detection 
[8]. We can see the sharp resonance peaks located a t almost the same position of 

3. Model 

3.1 STE state 

First , we introduce an STE scheme for the 420 nm band by the same method as 
developed by I ida et al. [ I l ] or Fowler et al. [13] for the STE in D 4 h symmetry. 
Strictly speaking, we must consider a lower symmetry than D411 due to the N a + im­
pur i ty . However, for the moment no experimental information on the position of N a + 

ion has been given ; only theoretically, the most probable position is predicted to be one 
of substitutional sites of Cs+ ions a t nearest neighbors to Vk center [14, 15]. Therefore, 
as a zeroth-order approximation, we assume tha t four Cs+ ions (or three Cs+ + one 
Na + ) are not deformed much by N a + impurity, and on these ions a 3s electron ori­
ginating from Na0 center exists as a par tner of STE preserving D 4 h symmetry. When 
we could find out where N a + is, we could introduce an effect due to the impuri ty by 
an appropriate per turbat ion to our scheme. 

Bj^ using the following parameters determined by Iida et al. for the 338 nm emission 
of the CsI pure exciton [11], energy levels and wave function of STE are computed 
numerically by diagonalizing the spin-orbit and Zeeman interactions; E = 1.88 eV 
(which corresponds to E15 — E12 in l ida ' s definition, and to C in Fowler's), A = 0.584eV 
(spin-orbit coupling constant), and L^ = 0.7 and L± = 1.3 (orbital quenching par­
ameters). The most impor tant difference is in the value of exchange energy; we used 
J = 3.0 meV (which corresponds to J12 in l ida ' s notation) instead of 9.0 meV so as 
to explain the zero-field splitting and the level crossing of triplet levels a t around 
21 kOe [4, 5]. A pa r t of the calculated energy scheme for the lower lying four levels 
is shown in Fig. 5. On the left-hand side of the figure, the unper turbed state as the 
eigenstate of exchange and crystal field is depicted, where we classify the s tate in the 
same way as Fowler did [13]. In the STE scheme, \sv} represents the singlet s tate of 
(S, S7) = (0, 0), and I+") ,10 ' ' ) , and I - " > the triplet states of (1, 1), (1, 0), and (1, - 1 ) , 

Y 
2J VAz(WHn) 

spin orbit 

relaxation 

ZJ 

E'18BeV 
J'JO me/ 

Vk\\x(IH0) 

0 20 40 
-j i i 

20 40 

!Fig. 5. Calculated energy scheme of the STE state ; the scheme for Vk 11 y is obtained by replacing 
x by y in the case for Vk || x 
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respectively, where 7] ( = x, y, or z) stands for the direction of STE axis corresponding 
to the Vk axis in this case and being parallel (z) to or perpendicular (x, y) to the applied 
magnetic field. The polarizations of emitted light are also shown by x, y, z, G+, and 
o_. 

3.2 Population of STE state 

As in the case of the usual STE model, we assume that the STE levels are not in 
thermal equilibrium. However, by the results of ESR shown in Fig. 4 a and b, we 
suppose that the STE preserves a memory of paramagnetic centers, Vk and Na0, 
prior to the recombination in the present tunnelling case; before tunnelling, these 
centers are rather stable and the thermal equilibrium is attained [8, 10, 16, 17]. On 
the basis of this hypothesis, we derive the population N1I for each STE level, IC), in 
the following way. When we define thermal equilibrium spin population of Vk and 
Na0 in the ground Zeeman sublevels, i.e. Boltzmann distribution, by «v(tl) a n ( i 'MÎJ)> 
where ] and J represent the spin-up and spin-down states, respectively, we can ap­
proximately express the population of a virtual pair (or coupled) state of two particles 
after tunnelling before relaxation by 

«2 = T K ( î ) "eU) + <(l) ».(î)] = <, 
n\ = n?(T) ne(l) , (1) 

nl = nl(l) «„(I) , 

where r\ stands for the direction of STE axis being parallel (||) or perpendicular ( J J 
to the applied magnetic field. To simplify the problem, we assume an isotropic g-value 
for Na0 as in the case of Ag0 center [16, 17]. Equation (1) was justified in terms of 
a density matrix calculation. Just after the pair state, the electron and hole relax to 
the STE state with relaxation rates Ws (for singlet) and WT (for triplet). Then, we 
can get the population of STE levels as 

Nl= Wsnl , and N\ = WTn\ (f = + , 0, and - ) . (2) 

3.3 Emission intensity 

Now, using the wave functions and populations of the STE state obtained in the 
preceding subsections, we can calculate the !-polarized 420 nra emission intensity, 
Is, by the product form of ]£ Ic(C) N7I, where 1^(C) represents the !-polarized coni­

c i 
ponent of zeroth moment for the I O state (r] = *(JJ , 2/(JJ, and z(\\), f = s, + , 0, 
and — ). Then we can get theoretical forms for experimentally obtained quantities 
as follows with taking into account the emission from the singlet state. 

3.3.1 LP 

When the Vk center is aligned to the !/-direction and the emission is observed along 
the 2-direction, we can derive a theoretical form of the LP in the same manner as Iida 
et al. [H]. Without magnetic field, the population of each STE level in our scheme is 
given by Wsjé for singlet and WT/4 for triplet states by putting H0 = 0 in (1) and (2). 
Thus, the LP defined by (/|| — Ix)l{I\\ + I\_) = (Iy — Ix)IiIy + Ix) is given by 

L P = J 1
1 : ? ! 1 ; ^ , .(3) 

with 

-4 = - ^ ; (4) 

(1 + 0) + (1 

T8 WT 

^w;'' 

+ Zo)A 
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Pig. 6. Relative change in emission intensity 
due to magnetic field. Circles are the experi­
mental results after [2]_ and solid curve shows 
theoretically best-fitted ones, g (Na0) = 1.99, 
WTrs/WsTi = 0.054. 

0' 7 2 3 
H0/]'IW11Oe /f';—-

here we p u t /,(s") = Ix(f) = l/rB and Ix( + °) = Iy(-?j = Iy(-*) = / , ( - » ) = 1/TT , 
and <5 represents the ratio of the number of STE oriented along the x- or z-direction 
to t h a t along the «/-direction when they emit photons, which has been defined by l ida 
et al. [11] and determined to be Ô = 0.39 in CsI pure excitons. 

3.3.2 MCP 

When a magnetic field H0 is applied in z-direction, only the STE oriented along the 
z-axis emits circularly polarized light when observed along the z-direction; therefore, 
the emission intensity of circularly polarized light is given by 

1(= 2 W J M ! (f = S + a n d a_) . (5) 
i = +,~ 

On the other hand, the to ta l emission intensity is 

I1(H0) = Ia+ + Ia_ + 2Jx(S*) Wan± + 2 / , ( - - ) WTn± . (6) 

Using (5) and (6), we can calculate the MCP by (/<,_ — Ia+)jIt(H0) when we know Ws, 
WT, and g(Na°). 

3.3.3 Intensity change due to magnetic field 

When a magnetic field is applied, the intensity of tunnelling recombination lumines­
cence It(H0) decreases. A relative change in the intensity allI0 = [It(O) — Jt(-ffo)]//t(0) 
has been observed by Delbecq et al. for KCl :Ag [16] and by Thiébaud et al. for 
CsI: Na [2]. Results for CsI: Na are shown in Eig. 6 by circles. A theoretical form for 
this quant i ty is derived as follows in our STE scheme using (1), (2), (5), and (6), 

A / _ A(n\ + nil) + 2«J- + 2An± 

TT &+T) ' ( ) 

where A is defined in (4) and we used the following approximations: Ia+(CZ) + Ia-(C1) = 
= Iy(—X) = 1/TT ( £ = + and —), and Ix(s

x) = 1/TS, since changes in the zeroth 
moment due to magnetic field are small enough. 

3.3.4 Optical detection of ESR 

Qualitatively speaking, when the jx-wave transition occurs in Na0, Vk _]_ H0, or 
Vk H H0, the population «e(U), «4(U), or re!|(ÌJ) is altered, respectively,and this altera­
tion causes the change in population of STE level Nj via the change in vir tual popula­
tion given in (I). Then, the emission intensity varies, since it is given by the product 
of zeroth moment and the population as shown in (5) and (6). Now, we can explain 
the ESR signal detected optically as follows: a) when the ESR is observed via the 
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change in intensity as shown in Fig. 4a, we should see the resonance signals at the 
resonance fields for Vk _|_ ft0, Vk || H0, and Na0, since we are detecting the change in 
the total emission intensity given in (6); and b), on the other hand, when the ESK is 
observed via the MCP as shown in Fig. 4b, we should see resonances at Vk || H0 and 
Na0 by (5) and Vk _L H0 should not be observed in this case. 

4. Comparison with Experiments and Discussion 

Analyzing experimental results of A / / 1 0 shown in Fig. 6 through equation (7) with 
the aid of the method of least squares, we get g(Na°) ^ 1.99 and A Ä 0.054; the best 
fitting theoretical curve is shown in Fig. 6 by the solid curve. Theoretical calculation 
of the STE scheme given in Fig. 5 gives T S /T T « 0.0427 ; thus, we can determine the 
ratio of WTI Ws from (4) as 1.26. Now, using these parameters, we can evaluate the 
L P and the MCP. 

By calculating (3), we can get the value of L P equal to 0.38. This value is rather 
large in comparison with our experimental results. This fact may imply tha t the 
STE axis is not the same as in the pure CsI case due to Na + impuri ty; another possi­
bility is discussed later. As for the temperature dependence of L P , the first peak can 
be explained when we assume thermal equilibrium in the STE state a t these tem­
peratures, since when thermal equilibrium is at tained, excitons populate more the 
singlet s ta te and emit more strongly cj-polarized light. As can be seen in Fig. 5, the 
calculated energy separation between the singlet and the triplet states is about 
5.3 meV («= 61 K ) , which is close to the first peak temperature . Above this tempera­
ture, thermal reorientation of Vk centers s tar ts to occur decreasing the L P until giving 
a negative value. This situation is confirmed by the results of L P in KCl: Ag and 
KCl :Tl observed by Delbecq et al. [ I ] ; in these two crystals, the L P shows negative 
values a t the same temperature in spite of the difference in doping impuri ty. 

The MCP is calculated from (5) and (6) with gr{Na°) = 1.99, and results are shown 
in Fig. 7. Since we did not introduce any population exchange phenomenon [4, 5, 11, 
13], which would be important around the level crossing point, no structure is seen 
in MCP : However, the agreement with experiments seems to be satisfactory. 

20 40 
H0WzIkOe)-

Pig. 7. Calculated MCP by putting g (Na0) = 1.9 
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On the basis of the theoretical inference discussed in the preceding section, t he 
ESR signals shown in Fig. 4 a and b can be assigned as follows, (i) The sharp resonance 
signal in each figure presumably corresponds to the resonance for Vk _L H0 . However, 
we cannot explain why the signal in this optical detection is not resolved due to the 
hyperfine interaction as has been observed by electronic detection [8] ; such a situation 
also happens on F centers in alkali halide [18]. (ii) Ra ther broad resonance signals are 
a t t r ibuted to a composition of resonance a t Vk || H 0 and Na0 . However, precise de­
composition of this signal is not so easy, since the resonance signal for Vk 11 H 0 and 
tha t for Na 0 have not Gaussian lineshapes and, moreover, the signal for Vk || H 0 must 
be small ; we can detect the signal for Vk 11 H 0 only from the TC-polarized component 
of luminescence from the STE 11 H0 . 

However, as has been mentioned already, the<7j_(Vk) signal should not be observed 
in the MCP case. This anomalous signal leads us to introduce the reabsorption of 
420 nm emission by the Vk center whose absorption peak is located a t 408 nm. Since 
the 420 nm emission has a circularly polarized component under magnetic field, we 
may obtain an MCD signal of the Vk absorption band, and this phenomenon probably 
contributes to the MiCP signal with negative sign; this can also explain why the 
resonance signal for Vk || H 0 is so small. 

The existence of this reabsorption can explain the peak shift of the 420 nm band 
to the lower-energy side as seen by (J| | + Jj_) in Fig. 2a and can be justified by the 
fact t ha t the value of L P shown in Fig. 2 a is smaller in the region of the Vk absorption 
band not only in the 420 nm band but also in the 338 nm band, since the Vk center 
absorbs the a-polarized light (I\\). 

We never talked about the dynamical mechanism of tunnelling; we believe it is 
worthwhile to discuss it here before closing this report. After X-ray irradiation on 
CsI: Na, no experimental evidence has been observed for the existence of a Vk center 
per turbed by an N a + ion [Vk + N a + ] , e.g. VkA center [8, 12]. However, we cannot 
exclude the existence of a small amount of [Vk + Na + ] which may be difficult to be 
observed in low doping levels of impurities. Thus, possible tunnelling processes which 
give the 420 nm recombination luminescence will be as follows: (i) an electron liberated 
from Na 0 tunnels to the [Vk + Na + ] center, or (ii) a Vk center tunnels to an Na 0 center. 
The first process is excluded by the following reason: if the electron tunnels t o [V k + 
+ N a + ] , it must meet a Vk center with a larger probability, since the concentration 
of Vk must be much higher than tha t of [Vk + N a + ] . Thus, in this case, the 338 nm 
emission should be observed after X-ray irradiation contrary to the experimental 
result. Now, we believe the most probable process is the Vk tunnelling to Nan . This 
opinion can be confirmed by the experimental result t ha t when we excited the Vk band, 
we could st imulate the 420 nm luminescence after X-ray irradiation. 
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LUMINESCENCE PROCESSES IN CsI DOPED WITH Na+ AND K+ IONS 
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The luminescence bands around 420 nm and 370 nm in CsI:Na and CsI:K 
have been studied by measuring the temperature dependence of decay 
times and luminescence and its excitation spectra. The bands are due to 
singlet+triplet localized excitons and to triplet localized excitons, 
respectively, at low temperature. Zero field splitting and life time 
amount to 0.2 meV and 3.3 jjs for the 420 nm band, and to 2.1 meV and 
1.7 ys for the 370 nm band. Creation processes of 420 nm excitons may 
not be the same below 40 K and near room temperature. 

Among several luminescence bands so far 
observed in the CsI crystal, there is an effi­
cient blue luminescence around 420 nm associated 
with the Na+ ions1'2'3. Even though the lumi­
nescence makes the crystal of CsI:Na a good X-
ray scinti llator1*, the mechanisms which lead to 
the blue luminescence are not clear. As a first 
step to understand them together with electro­
nic and ionic structures involved in the lumi­
nescence, we have studied the luminescence, its 
excitation spectra, its decay time and their 
temperature dependence for crystals of CsI doped 
with Na+ ions, as well as CsI doped with K+ ions 
for comparison. 

Crystals with different doping levels were 
grown by the Czochralski method in our labora­
tory from Merck "Suprapur" powder. The lumines­
cence was excited by a D2 lamp or by a W-target 
X-ray source operating at 150 KV, 12 mA, or a 
home made nanosecond pulse discharge D2 lamp 
through a Leitz prism monochromator, it was 
detected by a cooled photomultiplier (RCA 
C31000 M) through another Leitz prism monochro­
mator followed by a DC current meter, or by a 
time resolved one-photon detection system fast 
enough with respect to the typical value of the 
light pulse width (7 ns). 

Fig. 1 (curve a) and (curve b) shows the 
luminescence spectra of CsI:Na and CsI:K under 
X-ray excitation at 20 K. In these crystals, 
the luminescence bands occur around 420 nm and 
370 nm respectively, together with the intrinsic 
luminescence peaked at 338 nm. under UV excita­
tion near the intrinsic absorption edge, similar 
bands (called 420 and 370 bands) have been also 
observed, as shown in Fig. 2 (curve a) and 
(curve b) ; the absorption and excitation spectra 
for 420 and 370 bands in CsI:Na and CsI:K are 
shown in Fig. 3. The peak position and half-width 
AE of these bands are slightly temperature de­
pendent : the 420 band shifts from 416±4 nm, 
AE = 0.33+0.03 eV at 4.2 K to 430+4 nm, AE = 
0.67+0.03 eV at 300 K and the 370 band from 
373±4 nm, AE = 0.39±0.03 eV at 10 K to 381+4 nm, 

AE = 0.61±0.03 eV at 150 K. The 370 band and the 
absorption related to the luminescence might be 
associated with K+ ions as has been pointed out 
by Panova and Shiran2. 

The luminescence decay of the 420 and 370 
bands after UV pulse excitation at 73 K is com­
posed of two exponential curves with time cons­
tants of 4.2 usee and less than 10 nsec and a 
single exponential of 0.7 usee, respectively. 
These results, together with their temperature 
dependence shown later, suggest that the 370 
band is due to a triplet exciton and that the 
420 band is due to both singlet and triplet 
excitons at low temperature. The singlet compo­
nent of the 420 band disappears at RT and the 
triplet components in both bands split into two 
components at low temperature. 

The temperature dependence of the decay 
time of both bands is shown in Fig. 4 (a) and 
(b)e. The characteristic behaviour below 20 K 
for the 370 band is similar to that observed 
for the intrinsic luminescence in KI7; it has 
been explained with the model in Fig. 5 in 
which the relaxation rates Pa and Pb are deter­
mined by a one-phonon process. The solid line 
in Fig. 4(a) was calculated by using the same 
equation as in the case of KI. The fitting pa­
rameters for the solid line are Ej33 = 1.9 meV, 
T r b = 1.7 usee, T r a = <*>, x o a = 0.13 usee, 
T0b = 1 usee; the set of parameters must be con­
firmed by magnetic circular polarization (MCP) 
and electron spin resonance (ESR) because of the 
problem shown below. 

The temperature dependence of the 420 band 
can also be analyzed in terms of the same model 
by introducing a non-zero radiative rate from 
level a and an energy difference E^3 of 2.0 meV. 
However preliminary results of MCP of the 420 
band show a weak peak at 22 KG which may pro­
bably be due to the crossing between a sublevel 
of b and the level a; the magnetic field of 
22 KG implies an energy E b a of about 10 times 
smaller (̂ 0.2 meV). This disagreement may be due 
to the assumption of an one-phonon process valid 

* On leave from Department of Applied Physics, Osaka City University, 
Osaka, Japan 

457 



458 LUMINESCENCE PROCESSES IN CsI DOPED WITH Na+ AND K+ IONS Vol. 35, No. 6 

l.O 

J3 

0.5 

500 

Wavelength, 

400 

Cs I : Na CsI : K 
T= 20 K 

X-ray exc i t . 

3.0 

Photon energy, 

Fig. 1 (a) and (b) 
The luminescence spectra of CsI:Na (a) 
and CsI:K (b) under X-ray excitation at 
20 K. The experimental results (solid 
lines) are decomposed into two symmetric 
gaussians (broken lines) by fitting at 
338 nm the peak position of the intrinsic 
luminescence. 
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Fig. 2 (a) and (b) 
The luminescence spectra of CsItNa (a) 
and CsIiK (b) at 12 K under UV excitation 
in the absorption bands near the intrin­
sic absorption edge. The experimental 
spectra obtained (solid lines) are fitted 
with two symmetric gaussians (broken lines), 

at all temperatures. Indeed the slope below 10 K 
in Fig. 4(b) corresponds to a value of 0.2 meV 
for E b a. Using T r b = 3.3 usee and assuming that 
a singlet level is far enough in this temperatu­
re range and that Pa = 2Pj3, the relaxation rate 
obtained from the slow component indicates that 

a two-phonon process is dominant above 20 K; the 
result is shown in Fig. 6. The result on RbI7 

may be analyzed with the same idea shown here. 
The parameters obtained thus far and the 

excitonic structure could be related with the 
290 nm and 338 nm intrinsic exciton bands ih 
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Fig. 3 The optical absorption (solid lines) and 
excitation spectra (dotted lines) of 
CsI:Na and CsI:K crystals. Thick lines 
and thin lines are for CsI:Na and Csl:K 
crystals respectively. The absorption is 
measured with 2.5 mm thick CsI:Na and 
0.4 mm CsI:K crystals; the luminescence 
is detected at 420 nm and 370 nra, res­
pectively. 
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Decay times of 370 (a) and 420 (b) bands 
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(a) and shown by solid line in Fig. 6 
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5 Energy levels of the triplet exciton and 
transitions rates. The levels a and b 
correspond to Au and E u levels of the 
self-trapped exciton in the CsCl latti­
ce10. l/xrb is the radiative transition 
rate to the ground state (Ag) and Pa 

and Pj3 are relaxation rates in the tri­
plet state. 
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Fig. G The relaxation rate P b of the triplet 
state VS temperature estimated from the 
slow component of the decay time of the 
420 band shown in Fig. 4(a). The solid 
lir.e is given by Pb = 1.8xl0

3 T + 2.5x 
IO"7 T9. 

CsI . Although the 420 band has singlet and tri­
plet components and the 370 band has only a tri­
plet component like the 290 and 338 bands9 res­
pectively, further precise studies such as ma­
gnetic circular polarization are necessary. 

The decay time decreases further when the 
temperature increases above 70 and 30 K in thè 
cases of 420 and 370 bands. Applying the equa­
tion Vr(T) = IA (70 K) + (l/T0)exp(-AE/kT) 
based on a thermally activated non-radiative 
process for the 420 band above 70 K, one obtains 
T 0 = (4±2)xl0

-8 sec, AE = 0jß±0.01 eV. However, 
the luminescence intensity of the 420 band is 
nearly constant from 4.2 to 300 K under conti­
nuous UV excitation. This apparent discrepancy 
suggests the increase of the quantum yield to 
create the relaxed exciton at higher temperature. 
Furthermore, a time delay of about 100 nsec 

between the pulse excitation and the growth of 
the 420 band has been found at 300 K. Compre­
hension of these experimental results will be 
useful to understand the strong efficiency of 
the blue luminescence even at room temperature. 

In conclusion, the basic mechanism of the 
420 nm luminescence in CsI:Na at low tempera­
ture is bound to singlet and triplet excitons, 
the two-phonon relaxât ion process playing a 
decisive role in the temperature dependence of 
the decay time. The high efficiency of this 
luminescence at room temperature might be due 
to the creation process of the excitons. 
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The decay of the tunnelling recombination luminescence (TRL) of V. and 
Na0 centers is studied by means of a pulsed optical stimulation of the 
Na0 band. The results are well interpreted by a model in which the TRL 
intensity is expressed by the sum of the successive luminescences from 
the self-trapped exciton (STE) perturbed by a Na+ ion as the final 
emitting state of the TRL; the STE are formed successively depending on 
the distances between V. and Na0 centers which are randomly distributed 
in the crystal. 

An ionizing irradiation of CsI:Na crystals at 
low temperatures produces stable V^ and Na° 
(electron trapped on Na ion) centers which are 
accompanied with optical absorption bands peaked 
at 410 nm and 720 nm, respectively [I]. After 
such an irradiation, a luminescence at 420 nm 
due to the tunnelling recombination of Vu and 
Na0 centers is observed for a long time as in 
the case of some silver doped alkali halldes 
(Vj^-Ag0). The decay of this tunnelling recombi­
nation luminescence (TRL) is well described by 
the model proposed by Delbecq et al.[2], In 
which the TRL decays with t , in a time region 
longer than 1 ms after putting off the irradia­
tion [3]. However, this rather macroscopic model 
cannot explain the behaviour of the decay in a 
shorter time region. To investigate the decay in 
this region is one of the purposes of this note. 

In the preceding paper [4], we proposed, on 
the basis of magneto-optical experiments, that 
the TRL in CsI:Na occurs via the self-trapped 
exciton (STE) state perturbed by a Na+ ion [5]. 
The main purpose of the present work is to veri­
fy this proposition from a standpoint of decay 
time of the STE: If the final emitting state of 
the TRL is the STE state, the decay of TRL just 
after putting off the ionizing irradiation 
should be determined by the lifetime of the 
exciton. 

The decay of TRL in such a short time period 
has been studied, usually, by means of pulsed 
ionizing beams, e.g. pulsed X-rays and pulsed 
electron beams [6]. Instead of such high energy 
sources, we used the optical stimulation of the 
electron trap (Na0) band by laser pulses on 
X-irradiated crystals. By this stimulation, 
electrons are liberated from Na0 to the conduc­

tion band giving the similar situation as by the 
pulsed ionizing irradiation. Then some of the 
electrons recombine with V^ centers resulting in 
the intrinsic luminescences of 290 and 338 nm, 
and the rest of them is trapped again on Na+ 

ions and starts to tunnel. 

The experiments were made at temperatures 
between 4.2 and 77 K for several concentrations 
of V. (and Na0) centers; the concentrations were 
controlled by the duration of X-ray irradiation 
at T < 30 K. A pulsed dye laser with pulse-width 
of 10 ns at a low repetition rate (0.5 to 2 Hz) 
was used for the optical stimulation of Na0 

centers. Then, the decay signal of the lumines­
cence induced by each laser pulse was stored in 
an waveform recorder and sent to a signal aver­
ager; the detail of experimental setup is the 
same as in ref.7. We confirmed that, at such a 
low repetition rate, the luminescence intensity 
just before the next pulse was small enough and 
contributing a DC level to the detector. Much 
attention was paid to the problem of bleaching 
of the centers during the measurements; the in­
tensity of the laser pulse was enough weakened. 
Therefore, our measurements were restricted up 
to 77 K, since at higher temperatures, the V^ 
centers are not any longer stable causing a 
rapid bleaching of the centers [I]. 

Typical examples of the results at 4.2 K for 
low and high concentrations of centers are shown 
by dots in Figs.l and 2, respectively. The solid 
curve on each figure shows theoretically best 
fitted one and is described later. In the case 
of either high concentrations or higher tempera­
tures, rather anomalous plateaus were observed 
as seen in Fig.2. Such plateaus have been also 
observed by Tashiro et al. in NaCl:Ag [6]. 
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have already an appropriate distance at t=0 to 
form the STE without tunnelling or with a 
tunnelling time shorter than the laser pulse-
width; N is the number of such pairs. 

Just after the pulsed stimulation, the number 
of nearest neighbour Vfc-Na° pairs having the 
distance in the interval [r,r+dr] which will 
recomblne by the tunnelling process is given by 

N(r,dr) = 4îtr2n exp{ -4irr3n/3 } dr , (3) 

where n denotes the number of centers per unit 
volume[8]. Furthermore, the tunnelling time A is 
related to the distance r as [9] 
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exp{-r/X} (4) 

Fig.l. Decay of the TRL in CsI:Na at 4.2 K for 
low concentration of centers. Dots show 
a part of experimental results and solid 
curve is the theoretically best fitted 
curve. 

where X is a constant factor. By substituting r 
from eq.(4) into eq.(3), the number of pairs 
having the tunnelling time in the interval [ A , 
A+dA], N(A,dA), is obtained. Then, the function 
N(A) appearing in eq.(l), which is proportional 
to N(A,dA), is expressed as follows; 
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Fig.2 Decay of the TRL at 4.2 K for high con­
centration of centers. 

In order to explain these experimental re­
sults, we express the decay of TRL, I(t), by the 
sum of STE's luminescences which start to occur 
after tunnelling time A of Vk to Na

0 as 

I(t)=N0f(t)+ I N(A)f(t-A) 

A 

,(T0< A<t) (D 

where T Q is the fastest tunnelling time, N(A) 
"° pairs which take the same the number 

tunnelling time 
waveform of the 
given by 

of Vk-Na
u 

A to recombine, and f(t) the 
STE decay after recombination 

N(A)= CA-1IIn(AZx0)]
2 exp{ A[ln{A/xQ)]

3}, (5) 

where C=4iTÀ3nYdA and A=4ïïA3n/3; y represents the 
relative intensity of the second term to the 
first term in eq.(l). For the waveform of STE 
decay f(t) in eq.(2), we take three exponential 
decays as shown in Fig.3 resulting from the fact 
that the 420 nm band contains the emissions from 
the singlet and the triplet states [5]; X1 is 
the decay time of singlet state, X2 the direct 
decay of triplet, and X3 the indirect decay of 
triplet via multi-phonon processes. Then, by 

f(t) = I A1 expf-t/x^, (2) 

where T^'S are the decay time-constants and A^'s 
the corresponding intensities. The first term in 
eq.(l) originates from the V^-Na0 pairs which 

Fig.3. Energy scheme and decay rate of the STE 
in CsI:Na. 
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assuming a discrete tunnelling time A as A = TQ 

+(k-l)6 , i.e. the recombinations occur succes­
sively after each 6 second, the second term in 
eq.(l) can be calculated by the summation over 
natural numbers k instead of A . This rather 
complicated procedure for the calculation of 
eq.(l) can be understood by Fig.4. 

CQ 

>-

TIME [ARB. UNIT) 

Fig.4. Schematic diagram of the calculation for 
the decay of TRL. The decay is given by 
adding the sum of N(A)f(t-A)'s to NQf(t). 
(See the text.) 

Using this calculation, the experimental re­
sults are fitted to eq.(5) by adjusting the 
parameters with a least squares numerical meth­
od. In fact, however, the number of parameters 
is too high for a satisfactory analysis, so that 
the number of parameters is reduced in the fol­
lowing way. The value of T3 is directly deter­
mined by the experimental results observed in 

longer time scale (10 to 100 us) which are not 
shown on the figures, A1 is put to unity, and <5 
is fixed to 50 ns since this value is heavily 
correlated to that of C; if the magnitude of 6 
is decreased, the same value of I(t) can be 
obtained by decreasing C value, and vice versa. 

Result of the computer curve-fitting gives 
good agreement for the decay times Tj, T2, and 
T 3 between different concentrations of centers 
at the same temperature. Only the differences 
are in the values of T Q, C, and A which are re­
lated to the concentrations. As an example, the 
theoretically best fitted curves shown by solid 
curves on Figs.l and 2 are obtained by using the 
same values of the parameters TJ, T2, and T3 
which are 0.04, 2.3, and 60 us, respectively, 
with different values for the parameters T , C, 
and A which are 3.0 us, 4.3 x 103, and 0.91 for 
Fig.l and 0.28 us, 8.5 x 103, and 0.08 for 
Fig.2, respectively. We are not able to deduce 
the physically meaningful quantities from the 
value of C and A since they contain an amplitude 
factor y • However, the fastest tunnelling time 
T being shorter in the case of higher con­
centration and the calculated peak positions of 
N( A) (6.4 us for Fig.l and 1.1 ys for Fig.2) 
seem to be reasonable. At temperatures higher 
than 20 K, only two components of decays are 
obtained; for example at 77 K, time constants 
are 0.25 and 5.3 ys. 

These numerical values of the decay times 
agree quite well with those obtained in the case 
of STE luminescence by the UV light excitation 
[5] at temperatures from 4.2 to 77 K. Thus, our 
claim that the TRL occurs via the STE state 
perturbed by a Na ion is justified. 

In the present model, we could not succeed to 
explain the decay of TRL in the time region 
longer than 1 ms, where the Delbecq's t law is 
valid, since calculated I(t) decays very rapidly 
after 1 ms. A consistent explanation which cov­
ers the complete time region requires further 
investigations. 
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We have studied the nature of the defect giving rise to a near IR absorption 
band (71? run) in X irradiated CsI:Na by measuring its linear dichroism, its 
magnetic circular dichroism and its change due to the resonance microwave. 
The defect (gi 1 = 1-96, g , = 2.23 with axis near <100>) involves a Na+ ion 
and an excess electron. 

1. INTRODUCTION 

X-ray irradiation at low temperature usually 
creates in alkali halide crystals stähle elec­
tron and hole centers at the same time, like F 
and Vk centers. This is not the case in pure 
CsI crystals, even below k.2 K. 

When CsI doped with NaI is irradiated at low 
temperature, two optical absorption bands 
appear at U08 and 717 nm1. The former one 
which is independent of doping impurities is 
attributed to the Vk center

2. The latter near 
infrared absorption whose excitation leads to 
intrinsic recombination luminescence was 
supposed to be due to an electron trap such as 
Na° 1. 

ESR may be one of the best tools to study 
the origin of this absorption band as well as 
its atomic structure. However, ESR observed so 
far in CsI:Na with direct detection technique 
is only that of the V^ center2 / In order to 
study the origin of this absorption, optical 
properties of this band including the magnetic 
circular dichroism (MCD) have been studied. We 
found ESR with X-band microwaves (9.1 GHz) by 
an optical detection technique in which the 
microwave induced change of MCD has been moni­
tored. 

2. EXPERIMENTAL 

The optical absorption spectrum and its 
linear dichroism at U.2 K together with the 

On leave from the Department of Applied Physics, 
Osaka City University, Osaka (Japan) 

excitation spectrum for the 338 nm intrinsic 
recombination luminescence3 around the absorp­
tion band are shown in Fig. 1. The total area 
of the IR absorption band is atout 5 times as 
large as that of 4o8 nm band. The linear di­
chroism, the relative difference of absorption 
coefficients Aa = (aM -ai)/(a.. +a.), has 
been measured after the bleaching with 66O nm 
and 770 nm light linearly polarized parallel to 
one of the <100> crystal axes. There is no 
dichroism apparently in both cases within 3% of 
experimental error. The excitation spectrum is 
very similar to the absorption spectrum. The 
excitation bleaches with equal rates both IR 
and Vĵ  absorption bands. 

The MCD spectra are shown in Fig. 2 for the 
case in which the magnetic field is applied 
parallel to <100> axis; similar results are 
obtained when the magnetic field is parallel to 
<111>. They are derivative type curves of the 
absorption band and they display the same shape 
over all the measured temperature and magnetic 
field region. The dependence of the MCD inten­
sity at 680 nm on the temperature and the mag­
netic field are shown in Fig. 3. The result 
indicates that the MCD of this band is deter­
mined by the so-called paramagnetic term, that 
is, spin polarization in the ground state. 

When the resonant microwave field H1 is 
applied at 1.5 K to the crystal with a static 
magnetic field, the MCD decreases towards 
zero, since the microwave bleaches the ground 
state spin polarization; the MCD decreases up 
to about 20% of its initial value showing a 
characteristic saturation with increasing 
microwave power. Since the MCD is determined 
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Solid, dashed and dotted lines show optical absorption (in arbitrary 
unit), its linear dichroism (a.| -CTi)/(ai. +a.), and excitation spectrum 
(a.u) of the 338 nm intrinsic recombination luminescence at 1*.2 K, 
respectively, after X-ray irradiation on CsI:Na crystal. Lower and 
higher energy sides of the absorption measurement are limited by the 
spectrometer and the glass filter used to cut the luminescence. 
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by spin polarization in these experimental 
conditions for ESR, one can obtain an ESR 
spectrum as [ M C D ( H 1 = O ) - M C D ( H 1 ) I Z M C D ( H 1 = O ) as 

shown in Fig. k (a), (b) when the magnetic 
field is applied parallel to the <100> and 
<111> directions, respectively; the MCD is 
monitored at 680 nm to give the spectra of 
Fig. k. 

When the magnetic field is applied parallel 
to the <111> direction, the overall features 
of the ESR spectrum are symmetric around the 
peak position. When the field is parallel to 
<100>, the ESR is asymmetric and shows another 
peak on the higher field side. The similar 
spectrum has been obtained at U.2 K. / These 
results, together with the spectrum obtained 
with the magnetic field parallel to <110>, 
show that the symmetry of the center is lower 
than Oj1 and that its symmetry axis is parallel 
or near to the <100> axis. 

3. DISCUSSION 

ESR spectra have been analyzed by means of 
the method of moments by assuming the symmetry 
axis parallel to the <100> axis and the axial 
symmetric spin Hamiltonian 

• £ £ - BtS11H2S2 + S1(HxSx + HySy)] 

+ I I 1-A 1-S . (1) 

where the last term is the hyperfine inter­
action with nuclei. Furthermore, we tentati­
vely assume isotropic optical absorption 
coefficient, since there was no linear 
dichroism. One can obtain g.. and g . of 
1.97 ±0.02 and 2.23 ±0.02, respectively, 
from the first moments of the ESR spectra , 
under three_aonfigurations of the magnetic 
field. Peak positions according to these 
g-value are shown in Fig. k (a), (b) by solid 
arrows. 

The following facts suggest that the center 
is associated with an electron; the center is 
created by X-ray together with the V]1 center 
and the excitation of this IR band enhances 
the intrinsic recombination luminescence and 
bleaches the Vk and IR absorption bands. On 
the other hand, one may imagine an hole center 
from the rather large positive g-shift of g|(. 
One should check the possibility that the IR 
absorption band is produced by the overlap of 
two absorption bands due to electron and hole 
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centers. The following facts suggest that the 
absorption band, or at least most of it, is 
due to one center only : (l) the excitation 
spectrum is very similar to the absorption 
band; (2) the MCD spectrum is independent of 
the magnetic field and of the temperature; 
(3) the ESR spectra obtained by monitoring MCD 
at 630 and 800 nm are the same as those at 
68O nm; (h) the saturation recovery curves of 
the ESR signal are the same at several magnetic 
fields over the ESR spectrum. 

If the center moves by changing the direc­
tion of its symmetry axis, the absence of 
linear dichroism does not indicate necessarily 
an isotropic absorption coefficient. It is 

possible to fit the first moments within experi­
mental error by using the anisotropic absorption 
coefficients within the region of jAaj < O.k; 
the set of g-values is the same as in the 
previous case. The second moment analysis has 
been tried with the spin Hamiltonian of eq. (l) 
and the assumption that the principal axes of 
the hf tensor are the same as those of the 
g-tensor. In this analysis, theoretical values 
can fit the experimental ones only when one 
introduces the anisotropy of the absorption 
coeffieicnet. Our assumptions such as isotropy 
of the absorption coefficient, and the possibi­
lity of minor contribution from another center, 
must be checked by more precise experiments. 
Furthermore, temperature dependence of ESR 
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including relaxation time would be interesting 
to see dynamical effects of this center. 

1*. CONCLUSION 

A paramagnetic center associated with the 
Na+ ion and an electron gives the IR absorption 
band peaked at 717 nm produced by X-ray in 
CsI:Na. The center has a symmetry lower than 
Oj^, the principal axis lying around <100> and 

the g-values being g. i = 1.97 ±0.02 and 
gj_= 2.23 ±0.02. This indicates that the 
paramagnetic spin is not simply due to a 3s 
electron on a Na+ ion. 
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The presence of a Na atom in CsI:Na after X-ray irradiation 
is searched by ESR. (35 GHz microwave) detected through the 
magnetic circular dichroism of a related optical absorption 
band. The results are discussed with the model of Na atom in 
the crystal where either 3s or 3 P orbit is the ground 
state depending on its site. 

1. Introduction 

X irradiation of a CsI:Na crystal at low 
temperature creates the optical absorption band 
due to the V^ center, and another optical 
absorption band peaked at 717 nm which is suppo­
sed to be due to a localized excess electron 
center such as Na0. l'2 

In ref. 1, it was found that (a) the 
excitation of the band leads to the intrinsic 
recombination luminescence3 with an excitation 
spectrum similar to the absorption, (b) the 
magnetic circular dichroism (MCD) of the band 
is determined by the paramagnetic term with a 
negative spin-orbit interaction constant A and 
(c) ESR found by an optical detection technique 
with 9.1 GHz microwaves and its moment analysis, 
assuming a single origin of the ESR, show a 
symmetry of the related center lower than O^ 
and a positive g shift. 

In the present work, several optical 
absorption bands associated with Na+ ions have 
been found by measuring the absorption and the 
MCD at the lower energy tail of the band so far 
studied (called here IR band). The higher fre­
quency microwaves (35 GHz) have been applied 
for ESR in order to improve the resolution and 
the precision; three types of ESR line were 

found. The MCD spectrum of the IR band has been 
decomposed into three bands by measuring the 
monitor wavelength dependence of ESR. The result 
indicates that the peaks of the three bands 
composing the IR band are all located around 
720 nm. 

2. Experimental 

The samples cut with (100) faces were 
annealed at 1ISO0C to eliminate internal strains. 
After X irradiation at liquid He temperature, 
the crystal was kept in liquid He during the run 
of the experiments. 

The spectra shown in Fig. 1 are those for 
the optical absorption and for the excitation of 
the 338 nm intrinsic recombination luminescence; 
the absence of further absorption band was con­
firmed for photon energies down to 0.5 eV. The 
absorption and excitation spectra are quite si­
milar to each other over all the measured wave­
length region, including the shoulder at 900 nm. 
Beside the intrinsic recombination, the recom­
bination luminescence peaked at 420 nm11 was also 
enhanced by the IR band excitation, but it is 
much weaker. 

As already confirmed in ref. 1, the MCD 
monitored at 680 nm is determined by spin pola-
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Department of Applied Physics, Osaka City University, 
Sugimoto-cho, Osaka, Japan 558 

Swiss Federal Institute for Snow and Avalanche Research, 
7260 Weissfluhjoch/Davos, Switzerland 

Another idea to explain the large positive g-
shift for an excess electron was proposed by 
Prof. R.H. Bartram (Physics Department, Univer­
sity of Connecticut, USA). The basic idea is 
charge transfer from Ij to Na0 after trapping 

of an electron. In the final state, the Na" is 
no more paramagnetic while Ig- is like the V^ 
center. The authors are indebted to him for the 
proposal. 
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Fig. 1 : Spectra of the optical absorption 
(solid line), the IR band, and the 
excitation (dotted line) for the 
338 nm intrinsic recombination lumi­
nescence at 4.2 K, respectively, after 
X irradiation of CsI:Na crystals. 

rization of the ground state. Furthermore the 
MCD line shape, which has a derivative type 
curve around the main peak as shown in Fig. 2, 
is independent of the measured temperature T 
(1.5 to 60 K) and magnetic field H0 (0.5 to 50 
kG). From these two facts, we conclude that the 
MCD of the whole IR absorption band, which 
extends from 400 nm to 1000 nm, is determined 
by the ground state spin polarization. On the 
basis of this conclusion, we measured the ESR 
of centers related to the IR band at several 
wavelengths by means of Q-band (35 GHz) micro­
waves; the same technique and processes as in 
ref. 1 were used. 

The ESR spectra shown in Fig. 3(a), (b) 
and (c) are those obtained at 900 nm under ma­
gnetic field applied parallel to the <100>, 
<110> and <111> directions, respectively. The 
angular dependence can be understood, if we 
assume that the center has a 4-fold symmetry 
around the axis parallel to the <100> direction, 
and that the ESR of the center whose axis is 
parallel to the magnetic field is not observed 
because of a selection rule of the optical 
absorption in the related band. The second 
assumption means that a a-type dipole transi­
tion is the dominant optical absorption of the 
center, or an » otj_ in the optical absorption 
constant. With these assumptions, we can deter­
mine a set of parameters which are shown in 
Table 1. 

When we measured the MCD at 675 nm, ESR 
spectra observed are different from those shown 
in Fig. 3- This is demonstrated in Fig. 4(a), 
(b) and (c); the ESR line detected at 11.4 kG in 
the case of Fig. 3(a) is quite small in Fig. 4 
(a). In all these figures, one can see a part of 
a Gaussian-like smooth curve peaked at g = 1.89 
(13.4 kG in Fig. 4(a)). Based on this fact, we 
decomposed these spectra into two curves which 
are symmetric around each peak. The analysis of 
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Fig. 2 Magnetic circular dichroism of the IR 
absorption band of Fig. 1 at several 
temperatures and magnetic fields which 
are applied parallel to <111> direction. 

the Gaussian-like line results in isotropic pa­
rameters as shown in Table 1, while the analysis 
of the angular dependence of the other one by 
means of a spin Hamiltonian for S = J with axial 
symmetry, was not successful. Further discussion 
of the latter will be given later. 

In order to know the relative contribution 
of these centers to the IR band, the dependence 
of ESR on the wavelength of the MCD monitor beam 
was measured in the case of a magnetic field 
parallel to <111> direction. Those spectra were 
decomposed into three ESR lines so far observed 
as shown in Figs. 3(c) and 4(c). The MCD 
spectrum has been decomposed into three lines 
by assuming the same value of proportionality 
constants between MCD and ESR intensities for 
three lines. The result shown in Fig. 5 suggests 
that the IR band is composed of three absorp­
tion bands whose peak energy E a b s are all loca­
ted around 1.7 eV where we can see the peak of 
the IR band; widths AEK~E of these bands are 
listed in Table 1. 

3. Discussion 

The excitation of IR band at any wave­
length, (a) produces the intrinsic recombina­
tion luminescence peaked at either 338 nm or 
290 nm depending on temperature, (b) bleaches 
the IR band and (c) at the same time, bleaches 
the absorption band due to the Vk center peaked 
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Fig. 3 : ESR spectra (a), (b) and (c) obtained 
by means of the optical detection tech­
nique at 1.5 K with the magnetic field 
parallel to the <100>, <110> and <111> 
directions, respectively. The MCD was 
monitored at the wavelength of 900 nm. 

at 410 nrn.1 These experimental facts strongly 
suggest that the excitation of the IR band 
creates a free electron in the conduction band, 
yielding the intrinsic recombination luminescen­
ce even at 1.5 K. Thus, the IR band would be 
due to an excess electron forming a center asso­
ciated with a Na+ ion; final states of the opti­
cal absorption band are in the conduction band. 
The minor effect that the excitation yields also 
the recombination luminescence perturbed by Na 
ions (420 nm band) could be interpreted as 
follows : a free electron created by the IR band 
excitation is trapped at another Na+ ion which 
is sufficiently near to the V^ center so as to 
recombine with it through the tunneling pro­
cess.5 

Being supported by the idea described 
above, we propose the following tentative model 
drawn in Fig. 6, describing the centers A and C 
of the Table 1. According to this model, a 

substitutional Na atom which traps an excess 
electron has two stable positions, depending on 
the orbits of the excess electron. The Na atom 
can be on a lattice site, then the electron can 
be trapped on the 3s orbit. On the other hand, 
when the electron is trapped on the 3 Pz orbit, 
the Na atom is located at a stable position dis­
placed in the <100> direction from the lattice 
site. Therefore the optical absorption can be 
due to an electric dipole transition from 3s to 
3p states in the former case, while it can be 
from 3Pz to 3dx2_„2 in the latter case. The pre­
sence of two positive ions on the [OOl] axis in 
the second shell is important in a situation 
such as shown in Fig. 6 and with transition 
energy of 1.7 eV for both cases, since the ex­
tension of the 3pz orbit on these two ions can 
play an important role to lower the energy; no­
tice that the energy difference from 3s to 3p 
and from 3p to 3d are 2.11 and 1.51 eV, respec-
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Table 1 : Properties of three optical absorption 
bands, and ESR lines related with the 
IR absorption band in CsI:Na. Values 
for the F center and the Na free atom 
are also tabulated for comparison. 

T A B L E 

Parameters 

Centers 

A 

B 

C 

F 

Na0 

Eabs 

(eV) 

1.7 

1.7 

1.7 

1.68 

E3S-Sp=
2'21 

E3p_3d=1.51 

P-P 
AEMCD 
(eV) 

0.16 

0.22 

0.62 

0.1 

Ef 

(eV) 

positive 

positive 

positive 

-0.052 

-

aabs 

isotropic 

a M < a_j_ 

o„» a ± 

isotropic 

X 

(meV) 

negative 

negative 

negative 

-40 

1.4 

S 

1.89 

~ 2 

g ,,= 1.82 

gj_ = 2-21 

1.9 

a 

(G) 

325 

a„ = 240 

0j_ = 640 

365 

352 

tively, in the case of a free atom. 
As shown in Table 1, the center A exhi­

bits similar properties as those of the F 
center, except for the energy E f of the final 
state of the absorption, which is higher than 
the bottom of the conduction band. This simila­
rity can be reasonably explained by the fact 
that the F center is well approximated as an 
alkali atom in the crystal. The larger energy 
of Ef compared with the F center can be due to 
the fact that an electron trapped by Na+ ion is 
a local extra charge. As for the total hf inter­
action strength a (second moment) of the Na atom 
and the F center, the main difference lies in 
the presence of a central nucleus, in the case 
of the Na atom. Thus the ground state wave-
function must be a diffused one to give a value 
of the hf interaction strength similar to that 
of the F center as shown in Table 1. This diffu­
sed wavefunction is consistent with the higher 
energy Ef. 

The center C has axial symmetry (D1,. or 
Ci)v) with the axis parallel to the <100> direc­
tion. The characteristic points of this center, 
compared with centers A or F, are its symmetry, 
a large positive g-shift in g x in spite of an 
excess electron center and a very large band 
width in optical absorption. According to the 

model proposed above, these characteristics can 
be explained as follows. The mechanism of the 
positive g-shift is due to the large spin-orbit 
interaction constants of I- and Cs+ ions which 
contribute through the orthogonalization of the 
excess electron wavefunction with the ion cores. 
In other words, a negative spin-orbit interac­
tion constant leads to a positive g-shift.6 

Such a negative spin-orbit interaction constant 
occurs in the unrelaxed excited state of the F 
center7 or in our experimental results of MCD 
for the center A and C shown in Fig. 2 *. The 
ground state of the center C is very near to 
the bottom of the conduction band, so that the 
absorption band has a very large width as in the 
case of the F' center.8 

The center B has a more complicated nature 
than A or C. Its ESR spectra shown in Fig. 4 are 
not isotropic. However, they display apparently 
a single line in each magnetic field direction. 
This results either from a partial loss of the 
ESR lines due to the selection rule of the 
optical transition as in the case of the center 
C, or from a very small anisotropy of the g-
values in the center B. Another difficulty for 
the analysis of those results is the consistent 
understanding of ESR spectra obtained with 9.1 
GHz and 35 GHz microwaves. One cannot reproduce 
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Fig. 4 : ESR spectra (a), (b) and (c) obtained 
by means of the optical detection tech­
nique at 1.5 K with the magnetic field 
parallel to the <100>, <110> and <111> 
directions, respectively. The MCD was 
monitored at the wavelength of 675 nm. 

the ESR spectrum obtained with 9-1 GHz micro­
waves by starting from the ESR line with 35 GHz 
microwaves without taking into account the ma­
gnetic field dependence of processes to detect 
the ESR, especially when the magnetic field is 
applied parallel to the <100> direction. Known 
characteristics of the center B are listed in 
Table 1. 

We have observed three different states 
of the localized electron. So, if those three 
states are due to centers which are composed of 
different atomic elements, each center could 
give different recombination luminescence asso­
ciated with a Na+ ion. However, only one strong 
recombination luminescence band, that is the 
J420 nm band, has been observed in CsI:Na so far 
with X-ray excitation. The centers A and C 
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Fig. 5 : Decomposition of the magnetic circular 
dichroism into three contributions 
which have been found in ESR shown in 
Figs. 3 and 4. The MCD is decomposed 
into three lines according to a relati­
ve ESR intensity at each monitor wave­
length; the ESR was measured with the 
magnetic field parallel to <111>. 

could result in the same exciton after the 
lattice relaxation during the formation process. 
Furthermore, the diffused localized electron 
can be a trap for a hole migrating in the crys­
tal. This might partly explain why the effi­
ciency of the 420 nm band is so high even at 
room temperature. 

The existence of stable electron trap in 
CsI doped with Li+, K+, Rb+ ions has been che­
cked after the X irradiation at low temperatu­
re. The presence of the V^ absorption band or 
of absorption bands in the visible or near 
infrared region down to 900 nm has not been 
observed. This implies that the mechanism of 
electron trapping in CsI crystal is not simply 
due to the difference of ionization energy in 
these ions. The lattice relaxation plays cer­
tainly an important role in producing a strong 
electron trap in CsI:Na crystals. 

4. Conclusion 

X irradiation of CsI:Na crystal at low 
temperatures creates paramagnetic centers asso­
ciated with Na ions in three types of states of 
excess electron. The centers which have symme­
tries of On, lower-than On with 4-fold axis pa­
rallel to <100> axis, and lower than On, res-
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Fig. 6 : Model for the optical absorption of a 
Na atom in CsI crystal. Stable sites 
of the atom depend on orbits on which 
an excess electron has been trapped. 
Final states of the optical absorption 
bands must be in the conduction band. 
The displacement is meant along the 
<100> direction from a lattice site. 

pectively, give optical absorption bands peaked 
all around 720 nm. A tentative model has been 
proposed for the first two centers by assuming 
a Na atom in the crystal. 
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