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Abstract.  The longitudinal and transverse relaxation times for a 
transition between hyperfine sublevels of the lower electronic states 
of the 4I15/2 and 4I9/2 multiplets of 167Er3+ ions in 7LiYF4 crystals 
have been determined for the first time using two-pulse and stimu-
lated photon echo measurements in zero magnetic field at a tem-
perature of 4 K. The decay of the photon echo signal has been 
shown to be modulated, which is tentatively attributed to the super-
hyperfine interaction of the 167Er3+ ions with their 19F– nearest 
neighbours. The contributions of various types of interaction to the 
ultranarrow linewidth (~24 MHz) of the transition in question are 
discussed. Our results demonstrate that this optical transition of 
the 167Er3+ ion in 7LiYF4 crystals is potentially attractive for use in 
Raman quantum memory schemes.

Keywords: photon echo, optical spectroscopy, ultranarrow optical 
absorption lines, rare-earth ions, Er, LiYF4, Raman quantum memory.

1. Introduction

The study of the spectroscopic and kinetic properties of rare-
earth (RE) ions in crystals is an important issue because low 
concentrations of RE ions in a crystal provide an effective 
spectroscopic probe for gaining insight into various types of 
interaction between atoms and ions in solids and elaborating 
theoretical concepts in this area of physics [1, 2]. Moreover, 
RE-doped crystals are widely used as laser materials, quan-
tum-electronic devices [3], scintillators [4], crystalline phos-
phors, etc. [5]. The long phase relaxation times of optical, 
Zeeman and hyperfine transitions in RE ions and the small 
inhomogeneous linewidth of these transitions in crystals 
make such systems potentially attractive as key components 
of basic quantum information processing devices. One such 
device is a quantum memory (QM): a necessary element of a 
scalable linear optical quantum computer [6, 7] and a quan-
tum repeater, required for making long-haul (over 300 km) 
quantum communication links [8].

To date, a large number of protocols have been proposed 
for creating an RE-based QM in crystals [9 – 12]. Protocols 
based on photon echo in an off-resonant Raman scheme 

[13 – 15] offer a number of advantages, but ultranarrow opti-
cal transitions (tens of megahertz or even narrower) are 
needed to implement them.

It is well known that RE (Er, Nd and Ho) ions in a LiYF4 
crystal have ultranarrow optical absorption lines (tens of 
megahertz) [16 – 19] and that the use of monoisotopic crystals 
(or crystals containing isotopically enriched lithium in the 
case of interest) leads to further narrowing of optical lines, 
because there is no isotope shift, so that in some instances 
superhyperfine splitting can be observed directly in optical 
absorption spectra [20].

Erbium ions in LiYF4 have attracted increased interest 
[21 – 23] from the viewpoint of creating a quantum repeater 
based on a QM in an off-resonant Raman scheme, because 
they have optical transitions in two transmission windows 
(around 0.8 and 1.5 mm) of optical fibre. Gerasimov et al. [24] 
carried out a detailed spectroscopic study of these transitions 
between hyperfine sublevels, which made it possible to obtain 
important information about possible three-level schemes for 
an off-resonant Raman QM. The phase relaxation time of 
Er3+ in LiYF4 was determined by photon echo measurements 
on the 4I15/2 – 4F9/2 (0.65 mm) [16] and 4I15/2 – 4I13/2 (1.5 mm) [22] 
transitions at a temperature of ~1.5 K in a magnetic field 
above 2 T, which allowed relaxation processes in the system 
of erbium ions to be significantly suppressed. In this study, we 
observed for the first time photon echo of an ultranarrow 
(24 MHz) optical transition between hyperfine sublevels of 
the Er3+ 4I15/2 and 4I9/2 multiplets (0.8 mm) at a higher tempera-
ture (4 K), in the absence of an external magnetic field. Below, 
we present the results of those experiments.

2. Experimental results and discussion

We studied 7LiYF4 : 167Er3+ crystals (0.005 at % Er) grown by 
S.L. Korableva and her collaborators at Kazan Federal 
University. Figure 1 shows a schematic of the experimental 
setup. A sample was placed in a Montana Instruments closed 
cycle cryostat and cooled to a temperature of 4 K. The light 
source used in our high-resolution laser spectroscopy experi-
ments and photon echo signal measurements was a 
Tekhnoscan TIS-SF-777 cw Ti:sapphire laser. This laser sys-
tem has a built-in stabilisation module based on a thermostat-
ted external Fabry – Perot interferometer, which ensures a 
rather narrow laser emission linewidth (under 5 kHz) and 
high temporal stability of the laser frequency (which varied at 
a rate no faster than 5 kHz s–1).

To measure absorption spectra, the laser frequency was 
continuously varied over 20 GHz by changing the length of 
the thermostatted external Fabry – Perot interferometer. The 
laser frequency sweep nonlinearity was then corrected using 
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transmission peaks of a control Fabry – Perot interferometer, 
which were measured concurrently with the absorption spec-
trum. The free spectral range of the control Fabry – Perot 
interferometer was 354.4 MHz. The acousto-optic modulator 
AOM3 was used in double-pass mode and served to vary the 
laser frequency in a narrow range (~150 MHz). This ensured 
more accurate spectral absorption linewidth measurements 
compared to the spectral measurements with the 20-GHz fre-
quency sweep and subsequent conversion of the laser emis-
sion frequency relative to the peaks of the external Fabry –
Perot interferometer. Here and in what follows, the AOMs 
were controlled using a Rigol Model DG5352 arbitrary wave-
form generator (AWG). Signals from the detectors were 
recorded by a Tektronix DPO7104C digital oscilloscope.

Owing to an improved 7LiYF4 : Er3+ crystal growth pro-
cess, the linewidth of the 4I15/2 – 4I9/2 hyperfine transitions was 
reduced by about a factor of 4 compared to that in a previ-
ously grown crystal [24]. The inhomogeneous width of the 
narrowest and strongest absorption line was 24 MHz (Fig. 2). 
This value approaches the record small (16 MHz) inhomoge-
neous broadening of the absorption line obtained by Thiel et 
al. [21] for the 4I15/2 – 4I13/2 optical transition (1.5 mm) of 
170Er3+ ions in such a crystal. Subsequent photon echo mea-
surements were performed on the transition between the fifth 
and first hyperfine sublevels of the lower electronic states of 
the 4I15/2 and 4I9/2 multiplets, respectively. The inset in Fig. 2 
shows the absorption spectrum of this transition. When this 
spectrum was taken, the laser frequency was measured using 

AOM3. As pointed out above, this ensured more accurate 
measurements of the inhomogeneous linewidth.

In the optical channel for photon echo signal measure-
ments, input light pulses with a required shape and duration 
were generated using AOM1, and AOM2 protected the sensi-
tive detector D1 (Thorlabs PDA120A/M) from intense input 
pulses and allowed light to pass only during the echo signal 
measurement.

Our results indicate that, in photon echo signal measure-
ments on ultranarrow transitions (30 or more acquired echo 
signals), a major contribution to the signal intensity measure-
ment error is made by the long-term laser frequency drift. In 
connection with this, we produced and utilised an additional 
long-term laser frequency stabilisation system. To compen-
sate for the long-term drift of the reference lines of the refer-
ence interferometer, we used the absorption signal of the 
strongest absorption line of the 4I15/2 – 4I13/2 transition of 
167Er3+ ions in the 7LiYF4 crystal [24], i.e. of the line that was 
used in the photon echo measurements. To this end, we 
utilised the optical probe channel that was used before to 
measure absorption spectra (Fig. 1). The probe frequency 
corresponding to about half the strongest absorption signal 
was adjusted using AOM3, which operated in this case in 
single-pass mode. When the laser frequency was changed, the 
deviation signal from detectors D3 and D4 (Thorlabs 
DET100A/M), fed through an analogue-to-digital converter 
(ADC), was analysed in a control computer and then used to 
correct the length of the reference interferometer and the laser 
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Figure 1.  Simplified schematic of the experimental setup used in the high-resolution laser spectroscopy experiments and photon echo signal mea-
surements: (AOM) acousto-optic modulator; (AWG) arbitrary waveform generator; (D) detector; (I) optical channel for measuring absorption 
spectra; (II) laser frequency stabilisation/control channel; (III) optical channel for photon echo signal measurements.
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frequency through a digital-to-analog converter (DAC) and 
laser controller, respectively. Owing to this, the resultant 
long-term laser frequency drift was reduced from 44 MHz h–1 
(without the described stabilisation algorithm) to 100 kHz h–1 

[25]. To further reduce the photon echo intensity measure-
ment error, the mechanical vibrations of the sample due to the 
operation of the cryogenic station were minimised over the 
time of a single echo measurement. To this end, the triggering 
of a pulse train was synchronised with the operation cycle 
triggering signal of the cryogenic station and the delay (~480 
ms) of the triggering of the pulse train relative to this signal 
was experimentally adjusted so as to minimise echo intensity 
variations in different measurements. The measurement rep-
etition rate was then determined by the operation cycle fre-
quency of the cryogenic station and was ~0.8 Hz.

The phase relaxation time Т2 for the optical transition 
under study was determined by two-pulse photon echo mea-
surements. In those experiments, we used 100-ns Gaussian 
pulses. Figure 3 shows a semilog graph of the measured pho-
ton echo signal intensity vs. time delay between the first and 
second pulses. The vertical bars represent the experimentally 
estimated error in our photon echo intensity measurements, 
which is determined by many factors (laser frequency instabil-
ity, mechanical vibrations of the sample, shot noise and vari-
ous types of noise in the detector and measuring system) and 
is thus difficult to assess theoretically. Each data point of the 
graph in Fig. 3 was obtained by averaging the echo signal 
intensity Ie over 30 measurements. To estimate error for five 
different Ie values, measurements were repeated 20 times and 
the standard deviation was calculated. The error thus evalu-
ated as a function of Ie was then represented as S = aIe + b Ie  
+ c, where a, b and c are fitting parameters. The S values for 
each data point in Figs 3 and 4 correspond to the magnitude 
of the error.

If we neglect amplitude modulation, which has the form 
of beating (discussed below), the present experimental data 
can be sufficiently well represented by the exponential rela-

tion Ie(t) = I0exp(–4t/T2), with a phase relaxation time T2 = 
1.80 ± 0.07 ms (the solid line in Fig. 3).

It should be noted that we were the first to detect a photon 
echo signal for this transition at a temperature of 4 K in zero 
magnetic field. In particular, no photon echo was detected in 
the crystal studied by Gerasimov et al. [24] under similar con-
ditions. Even when crystals with similar concentrations were 
cooled to a temperature of ~1.5 K, no photon echo signal 
was detected previously in the absence of an external mag-
netic field [22]. To determine the phase relaxation time for the 
4I15/2 – 4I13/2 optical transition, Marino et al. [22] carried out 
experiments in an external magnetic field of ~2.2 T. The 
observed photon echo signal decay kinetics could be repre-
sented by an exponential relation and the phase relaxation 
time was 1.4 ms if the magnetic field was directed along the c 
axis of the crystal. If the magnetic field was perpendicular to 
the symmetry axis of the crystal, the phase relaxation time 
was 4.7 ms. Thiel et al. [21] measured the phase relaxation time 
for the same optical transition in a LiYF4 : Er3+ (0.005 at %) 
crystal in an external magnetic field of 5.4 T perpendicular to 
the c axis of the crystal, which was cooled to a temperature of 
1.3 K. Due to spectral diffusion, the photon echo signal decay 
kinetics could be described by the Mims expression [26] with 
parameters TM = 12 ms and x = 2.3. A photon echo signal was 
also detected for the 4I15/2 – 4F9/2 transition by Ganem et al. 
[27] and Macfarlane et al. [28] in a crystal placed in an exter-
nal magnetic field from 2.9 to 5 T and cooled to a temperature 
of ~1.5 K. The phase memory time TM was 4.1 (x = 1.7) to 
10 ms (x = 2.4), depending on the strength of the external mag-
netic field and its orientation with respect to the axis of the 
crystal. Thus, we are led to conclude that the improved 
growth conditions and quality of the LiYF4 : 167Er3+ crystal 
used in this study led to not only a considerable decrease in 
the inhomogeneous absorption linewidth (by a factor of 4) 
but also an increase in the phase relaxation time, which 
allowed us to detect a photon echo signal for the 4I15/2 – 4I9/2 
transition in this crystal and measure it as a function of time 
in zero magnetic field at a relatively high temperature (4 K).

Since there is no luminescence from the 4I9/2 multiplet, the 
longitudinal population relaxation time T1 was determined 
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Figure 2.  Spectra of the 7LiYF4 : 167Er3+ (0.005 at %) crystals for the 
4I15/2(G56) – 4I9/2(G78) transition at T = 4 K and E || c ^ k (where E and k 
are the electric field vector and wave vector, respectively, and c is the 
fourfold rotation axis of the crystals). The dashed line represents the 
spectrum of the crystal studied by Gerasimov et al. [24] and the solid 
line represents the spectrum of the crystal used in this study. The zero 
on the frequency axis corresponds to n = 370.574 THz. The inset shows 
the strongest absorption line, which was used in subsequent photon 
echo experiments.
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Figure 3.  Semilog graph of the two-pulse photon echo signal intensity 
vs. time delay between the pulses for a 7LiYF4 : 167Er3+ crystal in zero 
magnetic field at a temperature of 4 K. The photon echo signal was 
observed for the strongest line of the 4I15/2(G56) – 4I9/2(G78) transition 
(E || c ^ k) using 100-ns Gaussian pulses. The solid line, obtained by fit-
ting the experimental data, corresponds to a transverse relaxation time 
of the transition T2 = 1.80 ± 0.07 ms.
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using stimulated photon echo measurements with a varied 
delay between the second and third pulses. In that experi-
ment, we used Gaussian optical pulses of 300-ns duration. 
Figure 4 shows the measured stimulated photon echo signal 
intensity as a function of the delay between the two control 
pulses. Also shown is the magnitude of the error measured 
as described above. In the case of an ideal two-level system, 
the corresponding theoretical curve has a simple, exponen-
tial form: I(t23) = I0exp(–2t23 /Т1). At the same time, the 
present experimental data are much better represented by 
the sum of two exponentials: I(t23) = I0[A1 ´  exp(–2t23 /T11u ) + 
A2exp(–2t23 /T12u )], with . .T 1 1 0 2511 !,u  ms, T12 ,u  7.5 ± 0.9 ms, 
A1 = 0.75 and A2 = 0.25. The fitting results are shown in Fig. 4 
by the solid line. We think that the longitudinal relaxation 
time can be estimated at T12u , the time of the same order as T2 
= 1.8 ms. Note that, for t23 £ T2, the time dependence of the 
stimulated photon echo intensity may be contributed by the 
primary echo of the first two pulses, which accounts for the 
presence of one more contribution, with a relaxation time  
T11u , in the I(t23) data.

It is important to note that each of the experimental curves 
presented in Figs 3 and 4 demonstrates not only an exponen-
tial decay but also echo signal intensity beating. The beat fre-
quency was about 2.5 MHz in the case of pulses of 100-ns 
duration and ~1 MHz at a pulse duration of 300 ns. The Rabi 
frequency of ideal p-pulses of 300 and 100 ns duration was 1.7 
and 5 MHz, respectively. At a pulse duration of 300 ns, the 
lack of visible oscillations at a frequency of 2.5 MHz can be 
interpreted as evidence that the observed echo signal modula-
tion is related to the spectral pulse width. In Fig. 3, ~1-MHz 
beating is not seen because the beat period (~1 ms) is compa-
rable to the transverse relaxation time of the system.

We assume that the observed photon echo signal modula-
tion is due to superhyperfine interactions of the erbium ions 
with ligands. The nearest neighbours of an RE ion substitut-
ing for an Y3+ ion on a site with local symmetry S4 are eight 
fluorine ions (four on each of the two inequivalent sites), sep-
arated from it by r1 = 0.223 nm and  r2 = 0.226 nm. The elec-
tron paramagnetic resonance spectra of RE-doped LiYF4 
crystals are known to often have a resolved superhyperfine 

structure [29]. The superhyperfine interaction of a rare-earth 
ion with the nuclear spin of 19F (I = 1/2, g/2p = 40.05 MHz T–1) 
splits the energy levels of the ion by hng and hne (where the 
subscripts g and e refer to the ground and excited state split-
ting frequencies of the erbium ion) and entangles the elec-
tronic and nuclear states. As a consequence, the photon echo 
signal exhibits beating at frequencies ng and ne, as well as at 
the combination frequencies ng + ne and |ng – ne| [30]. A major 
contribution to the superhyperfine interaction of RE ions 
with ligands is made by the magnetic dipole interaction 
between the erbium 4f electrons and the nuclear spin of the 
ligand and the hyperfine interaction due to electron density 
transfer from the s- and p-electron shells of the ligands to the 
RE ion as a consequence of covalency effects.

Let us estimate the former contribution. As a result of the 
magnetic dipole interaction, the nuclear spin of a ligand at a 
point with coordinates r relative to the RE ion becomes ori-
ented along the local magnetic field produced by the electrons 
of the ion. The interaction energy is
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where mN = g'I is the magnetic moment of the nucleus of the 
ligand, and the operator of the magnetic moment of the RE 
ion, М, is projected onto the electronic state (ground state |ygñ 
or excited state |yeñ) so that M = mBáy|L + 2S|yñ (where L and 
S are the total orbital momentum and total spin operators for 
the 4f electron shell). This matrix element was calculated 
using wave functions obtained previously for the hyperfine 
sublevels of the 167Er3+ ion [24]. For the optical transition 
under investigation, only the projection of the moment М 
along the c axis of the crystal differs from zero: Mz = ±g|| mB/2, 
where g|| =3.13 and 3.72 are the electron g-factors of the 4I15/2 
and 4I9/2 multiplets, respectively. From (1), we find the super-
hyperfine splitting frequency:
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where q1 = 67.6° and q2 = 38.6° are the angles between the c 
axis and the direction to the ligands in positions 1 and 2. 
Thus,

n1g = 6.3 MHz,   n1e = 7.5 MHz,	
(3)

n2g = 8.5 MHz,   n2e = 10.1 MHz.

We can make the following modulation frequency combi-
nations similar to the experimentally observed frequencies: 
n2g – n1e = 1.0 MHz, n1e – n1g = 1.2 MHz, n2g – n1g = 2.2 MHz 
and n2e – n1e = 2.6 MHz. No beating was detected at frequen-
cies above 5 MHz because of the limited spectral width of the 
pulses used.

3. Conclusions

The present results demonstrate that the quality of LiYF4 : 
Er3+ crystals has a significant effect on the homogeneous and 
inhomogeneous linewidths of their optical transitions. One of 
the crystals grown in this study, 7LiYF4 : 167Er3+, has been 
shown to have a record narrow (~24 MHz) absorption line, 
which is about a factor of 4 narrower than that in previously 

0 2.5 7.55.0 10.0

10

30

100

300

t23/ms

S
ti

m
u

la
te

d
 e

ch
o

 in
te

n
si

ty
 (

ar
b

. u
n

it
s)

Figure 4.  Semilog graph of the stimulated photon echo signal intensity 
vs. time delay between the second and third pulses for a 7LiYF4 : 167Er3+ 
crystal in zero magnetic field at a temperature of 4 K and Gaussian 
pulse duration of 300 ns. The solid line represents a fit to the function 
I(t23) = I0(A1exp(–2t23 /T11u ) + A2exp(–2t23 /T12u )) with the following pa-
rameters: . .T 1 1 0 2511 !,u  ms, . .T 7 5 0 912 !,u  ms, A1 =  0.75 and A2 = 0.25.
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studied crystals [24]. This suggests that such crystals are 
potentially attractive for use in Raman quantum memory 
schemes. The reduced homogeneous transition width allowed 
us to perform the first measurements of the longitudinal and 
transverse relaxation times for the transition between hyper-
fine sublevels of the lower electronic states of the 4I15/2 and 
4I9/2 multiplets even in zero external magnetic field at a rela-
tively high temperature (4 K). We have experimentally dem-
onstrated intensity modulation of the primary and stimulated 
photon echo signals, which we attribute to the superhyperfine 
interaction of the erbium ions with ligands. The magnetic 
dipole contribution to the superhyperfine interaction has 
been estimated and the theoretical calculation results have 
been compared to experimental data.
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