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Abstract.  A study of spectral and laser properties of the LiF : F2
– 

crystal at low temperatures has revealed an electronic – vibrational 
interaction of electrons of the F2

– centre with the local vibration of the 
centre, which occurs against the background of coupling between 
electrons of F2

– centres and lattice phonons. The interaction of elec-
trons with the local vibration manifests itself in spectra in the form of 
narrow lines superimposed on wide electron – phonon lines that are 
due to the electron – lattice interaction. An anomalous behaviour of 
spectral LiF : F2

– laser lines is also found at liquid nitrogen tempera-
ture upon selective excitation; this behaviour is explained by the dif-
ference in the probabilities of the lattice and local interactions.

Keywords: F2
– colour centre, electronic – vibrational interaction, 

local vibration.

1. Introduction 

Lasers based on LiF : F2– crystals are efficient and reliable 
solid-state sources of tunable near-IR radiation (l = 
1.08 – 1.29 mm), which operate at room temperature in both 
nanosecond and picosecond regimes [1 – 7]. Since the absorp-
tion and luminescence spectra of F2– colour centres in LiF 
crystals at room temperature have a form of wide bands [8], 
tunable lasing can be implemented on them. The convenient 
spectral position of the wide (0.8 – 1.1 mm) absorption band 
makes it possible to carry out pumping using both widespread 
ytterbium and neodymium lasers (l = 1.03 – 1.08 mm) and 
commercially available multimode laser diodes (l = 0.94 – 
0.98 mm) to implement lasing with high efficiency (up to 45 %) 
[3 – 5]. LiF : F2– crystals were used as laser amplifiers of pico-
second pulses of a KGd(WO4)2 : Nd3+ laser with stimulated 
Raman scattering (SRS) frequency self-conversion for indi-
vidual laser pulses with energies up to 30 mJ and output 
power as high as 1010 W [6, 7] and as antireflection filters for 
passive Q-switching of high-efficiency neodymium lasers (l = 
1.03 – 1.08 mm) [9 – 11], operating in repetitively pulsed or 
quasi-cw regimes. LiF : F2– crystals were used in [12] for pas-
sive Q-switching of the SrMoO4 : Nd3+ laser with SRS fre-
quency self-conversion and for laser amplification of sub-
nanosecond SRS pulses of the same laser. The laser properties 
of F2– colour centres in a new nanostructured LiF ceramics 
were investigated in [13]; it was shown that they do not differ 

from those in LiF crystals at room temperature. However, the 
spectral properties of F2–centres in ceramics at low tempera-
tures have not been studied.

Despite the large number of studies devoted to applica-
tion of LiF : F2– crystals as active elements, the mechanisms 
of the electronic – vibrational interaction in the colour cen-
tres of LiF crystals is still unclear. Fitchen [14] applied the 
single-frequency model in the Frank – Condon approxima-
tion, i.e., described only the interaction between electrons of 
colour centres and single-frequency lattice vibrations (elec-
tron – phonon interaction). As was shown in [15], this model 
describes well the spectral properties of F2–  colour centres in 
LiF crystals at temperatures above 150 K. However, cooling 
below 150 K gives rise to a fine structure of individual spec-
tral lines of F2–  colour centres in LiF crystals, which cannot 
be described within the single-frequency model. The Debye 
temperature was found in [14] within this approximation 
based on experimental absorption spectra recorded at low 
temperatures; it turned out to differ significantly from the 
known Debye temperature values, obtained by measuring 
the specific heat of the LiF crystal [16]. This discrepancy is 
another evidence of inaccurate description of F2– colour cen-
tres in LiF crystals within the single-frequency model. 
Nahum [17] proposed to describe the structure of absorp-
tion and luminescence spectra of LiF crystals with colour 
centres at low temperatures (10 – 77 K) as a superposition of 
the spectra of several similar colour centres, related to the 
presence of impurities in crystals. It was shown in [18] that 
the presence of OH groups in LiF crystals facilitates the for-
mation of F2–-like centres with an absorption and lumines-
cence spectral range overlapping with the absorption and 
luminescence range of F2– centres; however, a specific struc-
ture of low-temperature spectra of F2– colour centres in LiF 
crystals was observed both in the presence and in the absence 
of impurities.

In this paper, we report the results of studying the spectral 
and laser characteristics of the LiF : F2– crystal at low tempera-
tures (T = 10 – 77 K). The spectral properties of F2– centres in 
LiF crystals are interpreted within the lattice vibration model, 
which includes not only vibrations of an ideal lattice but also 
local-mode vibrations (the latter are due to the presence of 
lattice vacancies). The formation of F2– centres is inevitably 
related to the generation of two neighbouring vacancies and 
change in the ion – ion interaction parameters for the ions sur-
rounding a vacancy. Correspondingly, the parameters of the 
electronic – vibrational interaction with participation of local 
and lattice vibrations may differ significantly, and the vibra-
tion amplitude for the ions around a vacancy should deviate 
significantly from the vibration amplitudes of ideal-lattice 
ions at certain frequencies.
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2. Technique and results of measuring spectral 
parameters

The transmission spectra of the samples at 10 K were mea-
sured using a double DFS-12 monochromator. The sample 
was placed in an RDK 10-320 helium cryostat (Refregerant 
Helium GmbH). The broadband beam transmitted through 
the sample was focused onto the input slit of the mono-
chromator. A halogen lamp with a chopper (600 Hz) served 
as a modulated-radiation source. The radiation from the 
monochromator output was recorded with a FEU 83 pho-
toelectron multiplier. The electric signal from the multi-
plier was applied to a Tektronix TDS 380 digital oscillo-
scope. The oscilloscope was triggered synchronously with 
the incident optical signal using a photodiode. Further 
processing of the oscilloscope signal was performed on a 
personal computer.

The transmission (absorption) spectrum of the LiF : F2– 
crystal at T = 77 K was recorded with a two-channel SF 20 
spectrophotometer. The sample was placed on a copper cold 
finger of the nitrogen cryostat. The sample temperature was 
controlled using a copper – constantan thermocouple.

The luminescence spectrum of the LiF : F2– crystal was 
measured according to the scheme presented in Fig. 1 (in the 
absence of mirrors of the LiF : F2– laser cavity).

The excitation source was a tunable LiF : F2 ® F2+ laser 
longitudinally pumped by the second harmonic of a nano-
second Nd laser. To increase the tunable-beam selectivity, 
we improved the scheme of the well-known ‘Malsan’ 
LiF : F2 ® F2+ laser [1]. The point is that, when tuning fre-
quency in this laser, we observed, along with a narrow (∆n 
= 10 cm–1) laser line, coaxial double-pass amplified sponta-
neous radiation on luminescence-line wings; the intensity 
of this radiation was comparable with the laser beam inten-
sity.

In the improved scheme of the LiF : F2 ® F2+ pump laser 
(Fig. 1), spontaneous radiation can be amplified only during 
one passage through the active element, due to which its influ-
ence is significantly reduced. As a result, the pump spectrum 
contains only a narrow laser line even when working on the 
luminescence line wings of the LiF : F2 ® F2+ crystal. Figure 2 
shows the tuning curve of the LiF : F2 ® F2+ pump laser 
(850 – 1050 nm), which is in good agreement with the absorp-

tion spectrum of the LiF : F2– crystal. The linewidth of the 
tunable LiF : F2 ® F2+ laser did not exceed 1 nm.

Figure 3 shows the absorption and luminescence spectra 
of the LiF :  F2– crystal measured at a temperature of 77 K, 
and Fig. 4 presents the absorption spectrum of the LiF : F2–

crystal recorded at 10 K.

Tunable LiF:F2 ® F2
+ pump laser

LiF:F2 ® F2
+

LiF:F2
– laser under study
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– 

Monochromator
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Figure 1.  Schematic diagram of the experimental laser setup. 
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Figure 2.  Tuning curve for the LiF : F2– pump laser wavelength. 
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Figure 3.  Absorption (solid line) and luminescence (dashed line) spec-
tra of the LiF : F2– crystal at 77 K. The vertical solid and dotted lines 
indicate the pump wavelengths (pumpings A and B) in the laser experi-
ments upon selective excitation, and the dot-dashed lines indicate the 
positions of lasing lines. 
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3. Discussion of spectral measurement results 

The absorption spectrum recorded at 10 K (see Fig. 4) con-
tains two pronounced groups of lines. Each line can be 
described well by the Gaussian function

( ) expf In n
n

n
2

lat,loc lat,loc
lat,loc

lat,loc

n
n

n n
D

= -
-e o= G,	 (1)

where n is the number of the vibrational excitation level (n = 
0, 1, 2, . . .); In

lat,loc  is the intensity of the nth line; n
lat,locn  is its 

centre frequency; and n
lat,locnD  is its half-width at the 1/e level. 

The lines are located equidistantly in each group. The first-
group lines (denoted by a superscript ‘lat’) have a large width 
(dashed line) and are shifted with respect to each other by 
lat lat
n n1n n-+  = 250 cm–1. The second-group lines (denoted by a 
superscript ‘loc’) are narrow (dotted line); they are shifted by 
loc loc
n n1n n-+  = 270 cm–1.
The phonon spectrum of the LiF crystal was reported in 

[19]. The energies of two acoustic phonons (0.026 eV or 
210  cm–1 and 0.031 eV or 250 cm–1) and one optical phonon 
(0.036 eV or 290 cm–1), involved in the optical transitions of 
the F2– colour centre in the LiF crystal, were found in [20]. We 
can suggest that the spectrum recorded by us (see Fig. 4), 
which consists of wide repeating lines (dashed lines), is due to 
the electronic – vibrational interaction between the electrons 
of the F2– centre and the LiF crystal lattice at a phonon fre-
quency of 250 cm–1 (the superscript ‘lat’ stands for ‘lattice’).

The narrow lines (dotted Gaussians) that are also observed 
in the spectrum in Fig. 4 were attributed in [17] to colour cen-
tres of another type; however, the results of our spectral-
kinetic study of LiF : F2– crystals with different impurities [15] 
suggest that these lines are due to the local vibration of the 
F2– centre [21] (the superscript ‘loc’ stands for ‘local’) rather 
than to impurity centres.

Thus, the electronic – vibrational interactions of electrons 
with the lattice (dashed lines) and with the local vibration of 
the F2–  centre (dotted line) contribute to the absorption spec-
trum (circles).

The parameters of all Gaussians in (1) were chosen so as 
to make the total spectrum (solid line) fit in the best way the 
experimental results.

The interactions of electrons with lattice vibrations and 
with the local centre vibration make different contributions to 

the zero-phonon line [16]; these contributions cannot be mea-
sured directly. One can see that the lines that are due to local 
and lattice vibrations are overlapped in the absorption spec-
trum. Let us artificially divide the colour centres into two 
groups: those involved in the local vibration only and those 
participating in lattice vibrations only; correspondingly, we 
consider the zero-phonon line as the sum of zero-phonon 
lines of these centres.

To determine the unknown parameters of these interac-
tions (especially the zero-phonon line parameters), we will use 
the single-frequency model in the Frank – Condon approxi-
mation at a temperature close to absolute zero. The probabil-
ity of the electron – phonon transition upon interaction of F2–  
centre electrons with the lattice can be expressed in terms of 
Pekarian [22, 23]:
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where J In n n
lat lat lat pnD=  is the total intensity of the nth line of 

the electron – phonon spectrum (n = 0 corresponds to the 
zero-phonon line, and n > 0 corresponds to the lines describ-
ing the interactions involving n phonons); alat = J Jlat lat

nn0 0
3

=
/  

is the Debye – Waller factor, which is the normalised total 
intensity of the zero-phonon line for the electronic – vibra-
tional interaction with the lattice; and Slat = – ln alat = J 1lat/J 0lat 
is the Huang – Rhys factor, which is the ratio of the total 
intensities of the one-phonon and zero-phonon lines for the 
same type of interaction. We assume that a similar expression 
can be written for the interaction with the local vibration of 
the F2– centre:
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where  aloc and Sloc = – ln aloc are, respectively, the Debye – 
Waller and Huang – Rhys factors for the interaction with the 
local vibration of the F2– centre and J Ioc oc oc

n n n
l l l pnD=  is the 

total intensity of the nth line in the spectrum corresponding to 
the interaction with the local vibration of the F2– centre.

The ratio of the total line intensities for the transitions 
with participation of one and two phonons in the case of inter-
action with local vibration will be denoted as parameter g:

J
J
loc

loc

1

2g = .	 (4)

Having replaced the total intensities J ,
loc
1 2  in (4) according to 

formula (3), we find that

S 2loc g= .	 (5)

According to the data of Fig. 4 (dashed Gaussians), g = 0.13; 
then, Sloc = 0.26 and aloc = 0.77.

Let us now find the Debye – Waller and Huang – Rhys fac-
tors (alat and Slat, respectively) for the interaction with the 
lattice.

The total intensities of the wide lines of the phonon wing 
(dashed Gaussians in Fig. 4), normalised to the area of the 
entire phonon wing (with the zero-phonon line excluded), can 
be measured exactly. Their experimental values are given by 
the formula 

expP J Jn n
n
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Figure 4.  Absorption spectra of the LiF : F2– crystal at 10 K. Circles are 
direct measurement data. Lines are the results of processing the mea-
surement data: dashed Gaussians describe the electronic – vibrational 
interactions of electrons of the F2– centre with the lattice, dotted 
Gaussians describe the interaction of electrons with the local vibration 
of the F2– centre, and the solid line is the total absorption spectrum. 
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At the same time, they can be found theoretically according 
to formula (2):

( )
!

ln
P

n1n
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n
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a
a a

=
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- ,	 (7)

where alat is the desired parameter. Having analysed (using 
the least-squares method) the convergence of the values given 
by expressions (6) and (7),
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we obtain the sought-for value alat = 0.13 (and Slat = – ln alat 
= 2.04), which corresponds to the least rms deviation of theo-
retical values P ntheor from experimental values P nexp. As a 
result, we have P 1theor = 0.305 and P 1exp = 0.277, P 2theor = 0.311 
and P 2exp = 0.368, P 3theor = 0.211 and P 3exp = 0.239, and P 4theor 
= 0.108 and P 4exp = 0.058.

As in the spectra measured at a temperature of 10 K, the 
absorption and luminescence spectra recorded at 77 K (Fig. 3) 
contain a narrow (∆n . 10 cm–1) zero-phonon line, peaking at 
a wavelength of 1.0404 mm, and wide lines due to elec-
tron – phonon transitions, spaced by frequency intervals of 
about 250 cm–1; these lines are mirror-symmetric with respect 
to the zero-phonon line.

Both the absorption and luminescence spectra (Fig. 3) 
contain a narrow peak, which is due to the interaction of elec-
trons of F2– centre with the local vibration of this centre. This 
peak lies on the wing of the first wide electron – phonon line 
and is shifted with respect to the zero-phonon line by 270 cm–1. 
The peak of the second electron – phonon line has a fine struc-
ture, which can also be explained [by analogy with the absorp-
tion spectrum measured at 10 K (Fig. 4)] by the presence of a 
weak (second) narrow peak, related to the interaction of the 
electron with the local vibration. The ratio of the intensities of 
the second and first narrow peaks, according to formulas (4) 
and (5), yields approximately the same value of the 
Huang – Rhys factor for the interaction with the local vibra-
tion as at 10 K (Sloc  .  0.26). Processing of the 77-K data 
(Fig. 3) according to formulas (6) – (8) yielded alat = 0.068 and 
Slat = – ln alat = 2.69.

Thus, an increase in temperature from 10 to 77 K leads to 
a decrease in the normalised total intensity of the zero-pho-
non line (the Debye – Waller factor), which is due to the elec-
tronic – vibrational interaction with the LiF : F2– lattice, by a 
factor of about two (from alat = 0.13 to alat = 0.068), whereas 
the intensity of the line due to the interaction with local vibra-
tion barely changes [aloc = exp (–Sloc) . 0.77].

4. Lasing spectra under selective pumping 
of the LiF : F2

– crystal

Figure 5 shows the LiF : F2–-laser spectra measured at a tem-
perature of 77 K under selective pumping by a tunable 
LiF : F2 ® F 2+ laser into the first (pumping A) and third (pump-
ing B) absorption lines (see Fig. 3) of the LiF : F2– crystal.

Figure 6 presents a decomposition of the lasing spectrum 
(Fig. 5b, pumping with l = 960 nm) into the components 
determined by the contributions from the interaction of elec-
trons with different vibrations of the LiF : F2– lattice. It can be 
seen that the lasing peak at l1 . 1070 nm corresponds to the 
one-phonon transition with a frequency of 270 cm–1 (local 
vibration of the F2– centre). One can also see that the lasing 

line at l2 . 1100 nm is due to the two-phonon transitions for 
both the fundamental (2 × 250 cm–1) and other (2 × 290 and 
290 + 350 cm–1) lattice vibrations; however, the peak of this 
lasing line corresponds to the two-phonon transition with a 
frequency of 2 × 270 cm–1, which is due to the local vibration 
of the F2– centre.
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Figure 5.  Lasing spectra of the LiF : F2– crystal at 77 K under selective 
pumping into (a) the first (pumping A) and (b) the third (pumping B) 
absorption peaks (see Fig. 3). The spectra obtained by pumping with 
wavelengths of 1011 and 960 nm and with wavelengths of 1022 and 
965 nm are shown by dotted and solid lines, respectively.
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Note that the beam intensity of the tunable LiF : F2 ® F 2+ 
laser used for pumping is close to a maximum in the wave-
length range of 960 – 965 nm (pumping B), whereas a conver-
sion of the radiation wavelength to the range of 1011 – 1022  nm 
(pumping A) reduces the intensity by a factor of about 2 
(Fig 2).

It follows from Fig. 5а that, under pumping exactly into 
the narrow peak of the first absorption line with a wavelength 
of 1011 nm (dotted line), the lasing was developed basically 
on the zero-phonon (zero) luminescence line with a wave-
length l0 = 1040 nm and on the luminescence line with a 
wavelength l2 = 1102 nm, which is due to the two-phonon 
2 × 270 cm–1 transition (Fig. 6). Lasing was practically absent 
on other luminescence lines, including the first line (l1 = 
1070  nm). Based on the aforesaid, one can conclude that, 
upon excitation into the local-vibration peak, lasing develops 
mainly on the transitions due to the local vibration, including 
the zero-phonon transition, whereas the transitions due to the 
interaction with the lattice are hardly involved in this process.

Figure 5а shows also a lasing spectrum (solid line) at a 
small shift of the pump line from the peak of the first absorp-
tion line (l = 1011 nm) to l = 1022 nm (see also Fig. 3, pump-
ing A), which corresponds to the resonance of the one-pho-
non transition due to the electron – lattice interaction. The 
pump intensity barely changed under these conditions. 
However, as can be seen from Fig. 5a (solid line), the lasing 
intensity in the vicinity of l2 . 1100 nm increased signifi-
cantly, both at the wavelength of the transition involving the 
local vibration (peak at l2 = 1102 nm) and at the wavelength 
of the transition with participation of the lattice vibration 
(peak at l2 = 1097 nm). In addition, weak lasing arose at the 
wavelength l1 = 1070 nm, which corresponds to the transition 
involving the local vibration (see Fig. 6), whereas the lasing 
intensity on the zero-phonon transition (l0 = 1040 nm) slightly 
decreased.

Thus, one-phonon excitation of the electronic – vibra-
tional interaction with the lattice caused lasing not only on 
‘lattice’ luminescence lines but also on ‘local’ lines, in contrast 
to the excitation of the interaction with the local vibration, 
when lasing lines were only ‘local’. This fact calls for a further 
study with due regard to the local vibration of the F2– centre.

The situation changes when passing to selective excitation 
of transitions to higher energy levels. Figure 5b shows the case 
of excitation of a three-phonon transition involving lattice 
(965  nm) and local (960 nm) transitions, with a pump intensity 
increased by a factor of about two (in comparison with the pre-
vious case). Due to an increase in the pump intensity, the exci-
tation of the high-energy local transition (960 nm) provides a 
higher intensity throughout the entire lasing spectrum than in 
the case of excitation of the high-energy lattice transition 
(965  nm). A noteworthy fact is that the lasing intensity on the 
zero-phonon line significantly increased (Fig. 5b, dotted line). 
This behaviour of the zero-phonon line upon high-intensity 
excitation of transitions to high-energy levels also calls for an 
additional study, with allowance for the local vibration of the 
F2– centre. Then, it is necessary to perform a complementary 
study in order to find out why the lasing efficiency on the elec-
tronic – vibrational transition (at a wavelength of 1070 nm) 
with participation of one phonon is lower than on the elec-
tronic – vibrational transitions involving two phonons.

Figure 7 shows experimental dependences of the total 
intensities of individual LiF : F2–-laser lines on the pump pulse 
energy (pumping B, 960 nm). It can be seen that the lasing on 

the lines with l0 . 1040 nm and  l1 . 1070 nm is least efficient, 
despite the fact that the peak stimulated emission cross sec-
tions are largest at these wavelengths (Fig. 3). This is due to 
the strong absorption of radiation at lasing wavelengths. The 
most efficient lasing is observed on the lines with wavelengths 
l2 = 1097 nm, l2 = 1102 nm and l3 = 1128 nm, which are char-
acterised by zero absorption.

The output radiation intensity ceases to grow with an 
increase in the pump energy. The reason is the excitation of a 
significant part of active particles under high-intensity pump-
ing. However, the two lines with the largest wavelengths (l2 = 
1102 nm and l3 = 1128 nm) exhibit anomalous behaviour: the 
output intensity is not saturated but starts increasing at the 
instant when the intensities of all other lasing lines undergo 
saturation. This fact can be explained by the difference in the 
probabilities of electronic – vibrational interactions of two 
types: with lattice vibrations and with local vibrations of F2– 
centres.

5. Conclusions

The study of the spectral and laser properties of the LiF : F2– 
crystal at low temperatures revealed the electronic – vibra-
tional interaction with the local vibration of the F2– centre, 
which occurs against the background of the interaction 
between the electrons of F2– centres and lattice phonons. The 
interaction of electrons with the local vibration manifests 
itself in the spectra in the form of narrow lines, imposed on 
the wide line that is due to the electron – phonon interaction 
with the crystal lattice. With an increase in temperature from 
10 to 77 K, the Debye – Waller factor for the electron – lattice 
interaction decreases almost by half (from 0.13 to 0.068); at 
the same time, it barely changes (being of about 0.77) for the 
interaction with the local vibration. We also revealed an 
anomalous behaviour of the intensities of LiF : F2– laser lines 
at 77 K upon selective excitation, which can be explained by 
the difference in the probabilities of the lattice and local inter-
actions. Further study and mathematical simulation must be 
performed to reveal the contribution of the local vibration of 
the F2– centre to the lasing in the LiF : F2– crystal at low tem-
peratures.
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Figure 7.  Experimental dependences of the total intensities of individu-
al lasing lines of the LiF : F2– laser on the pump pulse energy (pumping 
B, 960 nm).
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