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We report Zeeman infra-red spectroscopy of electronic-nuclear levels of 5I8 →
5I7 transitions of Ho3+ in the

C4v(F
−) centre in CaF2 with the magnetic field along the 〈111〉 direction of the crystal. Transitions to the lowest

5I7 state, an isolated electronic doublet, and the next group of states, a pseudo-quadruplet consisting of a doublet

and two nearby singlets, exhibit strongly non-linear Zeeman splittings and intensity variations. Simulated spectra

based upon a crystal-field analysis give an excellent approximation to the data, illustrating the strong predictive

ability of the parametrised crystal-field approach. Anti-crossings in the hyperfine splittings, the basis of quantum

information storage in rare-earth doped insulating dielectrics, are also predicted.
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Introduction

It is a pleasure to celebrate Professor Marina Popova’s

80th birthday by presenting an investigation into highly non-

linear Zeeman interactions within the complex electron-

nuclear sub-level structure of the Ho3+ ion doped into

CaF2 crystals. We feel that this work is appropriate

both because Professor Popova’s research group has been

amongst the world leaders in hyperfine spectroscopy of

rare-earth ions and because it is based upon a most fruitful

earlier collaboration [1].
Crystals doped with rare-earth ions are promising candi-

dates for quantum-information devices. Coherent storage of

several hours has been demonstrated using the magnetic-

hyperfine structure of Eu3+ ions in Y2SiO5 [2,3] whilst a

coherence time exceeding one second has been demon-

strated in Er3+:Y2SiO5 using a 7 Tesla magnetic field [4].
The long coherence times recorded in Ref. [2] made use

of ZEFOZ, or
”
clock“ transitions, which are insensitive

to small magnetic fluctuations. These transitions are

generally associated with anticrossings (avoided crossings)
of hyperfine sublevels. Importantly, we have recently

demonstrated that it is possible to perform crystal-field

calculations for the C1 point group symmetry sites in

Y2SiO5 [5] and exploit their predictive ability to interpret

hyperfine spectra [6].
The investigation of magnetic-hyperfine structure in crys-

tals doped with ions such as Eu3+ and Er3+ requires

high-resolution laser spectroscopy [5]. On the other

hand, Ho3+ has a large nuclear magnetic moment, and

hyperfine splittings may be investigated using conventional

techniques. The earliest optical studies of Ho3+ hyperfine

structure date back to the pioneering investigations of

Gerhard Dieke at Johns Hopkins University in the mid

1960s. This work, using a 5 metre vacuum spectrometer

custom built by Jarrell-Ash, presented fully resolved hy-

perfine structure and Zeeman splittings for the Z1 −→J1
transition at 23918 cm−1 in LaCl3 crystals [8,9]. In this

work we present Zeeman spectroscopy of Ho3+ in the

C4v(F
−) centre in CaF2 crystals, also using conventional

absorption spectroscopy. We have previously reported the

observation of an exceedingly complex hyperfine structure

arising from the magnetic interactions of a two singlets

in close proximity to an orbital doublet in the excited

state convolved with ground state hyperfine structure aris-

ing from two close lying singlets coupled by a pseudo-

quadrupole interaction [1]. There, we obtained excellent

agreement between theory and experiment for both the

energy levels and the transition intensities for the spectrum

measured without the application of a magnetic field. Here

we demonstrate the ability of the crystal-field model to

predict the Zeeman splittings of the hyperfine states and

their transition intensities, including the presence of anti-

crossings — the effect upon which the ZEFOZ technique is

based.

Experiment

Calcium fluoride crystals containing 0.01 molar percent

of HoF3 were grown under vacuum, using the Bridgman-

Stockbarger technique in a 38 kW RF furnace. The crystal

charge was placed in a graphite crucible (together with a

small quantity of PbF2 to act as an oxygen scavenger) and

lowered through the temperature gradient provided by the

furnace work coil over five days. The crystal was cleaved
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Figure 1. Spectra at temperature of 4.2K in zero magnetic field:

a — for transitions from Z1γ1, Z2γ2 (5I8) to Y1γ5 (5I7), b — for

transitions from Z1γ1, Z2γ2 (5I8) to the states Y2γ3, Y3γ5, Y4γ2
(5I7). The line marked with an asterisk at 5354.8 cm−1 is the

absorption line of water H2O in the atmosphere.

along the 〈111〉 plane to allow the desired orientation in

the magnet. The absorption length was approximately

5mm.

Infrared spectroscopy was performed using a 0.075 cm−1

resolution Bruker Vertex 80 with an optical path purged

by N2 gas. Zeeman spectroscopy was performed using a

4 T, simple solenoid, superconducting magnet with samples

mounted into a copper sample holder fixed through the

centre of the solenoid. Measurements were carried out at

4.2K since the copper sample mount is in direct thermal

contact with the liquid helium bath.

Theoretical foundations

The Hamiltonian appropriate for modelling the 4 f N

configuration is [10–13]

H = HFI + HCF + HHF + HZ. (1)

The terms in this equation represent the free-ion con-

tribution, the crystal-field interaction, the electron-nuclear

hyperfine interaction, and the Zeeman interaction.
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Figure 2. Calculated Zeeman ultrafine energies for magnetic field

along the direction 〈111〉: for a — Z1γ1, Z2γ2 from 5I8, b — Y1γ5
from 5I7, c — Y2γ3, Y3γ5, Y4γ2 from 5I7 .

The free-ion part of the Hamiltonian has been discussed

in great detail in the above references. The crystal-field
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Hamiltonian has the form

HCF =
∑

k,q

Bk
qC(k)

q , (2)

with k = 2, 4, 6, q = −k, .., k . The Bk
q are crystal field

parameters, C(k)
q are spherical tensor operators. In C4v

symmetry we may choose the z axis of the site to be the

four-fold axis, so only parameters with q = 0, ±4 are non-

zero.

The hyperfine Hamiltonian HHF is discussed in detail in

Ref. [1]. The holmium nucleus has a spin I = 7/2, and

the electronic states are coupled to the nuclear spins by the

hyperfine interaction, giving 8 electronic-nuclear states for

each electronic level. For holmium the magnetic-hyperfine

interaction is much larger than the nuclear-quadrupole

interaction, but both are included in the calculation. It

is important to note that for singlet electronic states the

diagonal matrix elements of the hyperfine operators are

zero, so the splittings are a result of coupling to nearby

electronic states.

The effect of an external magnetic field is given by the

Zeeman Hamiltonian

HZ = µBB · (L + 2S), (3)

where B is the magnetic field.

CaF2 is a cubic crystal. In the C4v symmetry centres

studied here a Ca2+ ion is replaced by a Ho3+ ion with

a nearest neighbour interstitial F− ion providing charge

compensation (this has generally been denoted as the

C4v(F
−) centre in the literature) [1]. The four-fold axis of

the site can be along any of the three crystal axes. In this

study we orient the crystal so that the magnetic field can

be applied along the 〈111〉 axis. Thus the magnetic field

is along the body diagonal direction and equally inclined at

an angle of cos−1(1/
√
3) = 54.7◦ to the three C4v centre

orientations. As a result, each site experiences the same

magnetic splitting, greatly simplifying the spectra. The

magnetic field also reduces the symmetry experienced by

the Ho3+ ions to C1.

In our previous work [1] we performed a detailed study

that made use of laser spectroscopy and IR spectroscopy.

Our crystal-field modelling gave excellent agreement with

the electronic and hyperfine energies. Magnetic and electric

dipole transition intensities [14] were also calculated, again

with excellent agreement. We use the same crystal-

field and transition-intensity parameters as in that work.

The only addition to the Hamiltonian is the Zeeman

interaction, Eq. (3). Theoretical spectra are generated using

a Lorentzian line shape with a full-width half-maximum of

0.09 cm−1. The relative population of the Z1γ1 and Z2γ2
states of the 5I8 multiplet was calculated according to the

Boltzmann distribution.
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Figure 3. Experimental and calculated Zeeman spectra at

temperature of 4.2K for transitions Z1,2γ1,2 → Y1γ5 with magnetic

field directed along 〈111〉: a — 0.0, b — 0.2, c — 0.4, d — 0.6 T.

Results and discussion

The ground-state levels of the C4v(F
−) centre in

CaF2 : Ho
3+ are comprised of two singlets separated by

1.7 cm−1 [15,16]. As singlets (transforming as the γ1 and γ2
irreps of the C4v single group) neither of these states posses

a magnetic moment. However, they can acquire one via

the pseudo-quadrupole interaction (and concomitant A8Iz Jz

mixing) between them. Figure 1, a shows a 4.2K, zero
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magnetic field spectrum of the transitions from these ground

state levels to the lowest level of the 5I7 multiplet at ap-

proximately 5257 cm−1 which is an orbital doublet (Y1γ5).
The intensity distribution amongst the levels is governed by

the wavefunction admixtures and the Boltzmann population

distribution amongst the hyperfine levels [1]. Figure 1, b

shows the 4.2K, zero magnetic field spectrum of transitions

from the ground-state pseudo doublet to another excited

state doublet level (Y3γ5) at 5273.9 cm−1. In this case the

spectrum is exceedingly complex. This arises due to the

close proximity of two singlets (Y2γ3 at 5273.1 cm−1 and

Y4γ2 at 5274.4 cm−1). Thus the pattern observed arises

from the mixing of the singlet states with the doublet via

the perpendicular hyperfine (A⊥
1
2
(I+J− + I−J+)) interac-

tion. Due to the strong wavefunction mixing, there is

considerable redistribution of intensities and Iz ceases to be

a good quantum number, with the 1Iz = 0 selection rule

breaking down. Electronic selection rules also break down.

Notably, transitions from Z1γ1 to Y2γ3 becomes allowed due

to mixing via the hyperfine interaction.

Figure 2, a plots the calculated 〈111〉 Zeeman splittings

for the ground state pseudo doublet. This splitting is gov-

erned by the quadratic Zeeman effect between the singlets

as they repel each other in the applied field. Our calculations

agree with EPR measurements, giving g‖ = 14.8 (g⊥ is

zero) [17]. Figures 2, b and 2, c plot the calculated 〈111〉
Zeeman splittings for the isolated Y1 doublet and the more

complex pseudo-quadruplet pattern comprising the Y2,3,4

states. The former exhibits a linear Zeeman effect, as

would be expected, whilst the later shows strongly non-

linear splittings. In the absence of the hyperfine interaction
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Figure 4. Intensity maps of experimental and calculated Zeeman

spectra at temperature of 4.2K for transitions Z1,2γ1,2 → Y1γ5 in

magnetic fields directed along the direction 〈111〉 up to 0.6 T.
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Figure 5. Experimental and calculated Zeeman spectra at

temperature of 4.2K for transitions Z1,2γ1,2 → Y2,3,4γ3,5,2 with

magnetic field along 〈111〉: a — 0.0, b — 0.2, c — 0.4 T.

the two singlets would not interact with each other and the

pattern would be entirely governed by two effects: (1) the

first order Zeeman effect within the doublet and (2) the

quadratic Zeeman effect between the doublet and the two

singlets. However, the perpendicular hyperfine interaction

creates strong wavefunction admixtures, which alters the

character of the electronic levels, adding to the complexity

of the splittings. More generally, it is the extreme sensitivity

of these effects that makes this system useful as a test of

the predictive ability of the crystal-field model.

Experimental and calculated Zeeman spectra for the

Z1,2γ1,2 −→Y1γ5 transitions are given in Figure 3 for 0.0 T

0.2 T 0.4 T, and 0.6 T, and experimental and calculated maps

from 0.0 T to 0.6 T are given in Figure 4. These transitions

are similar to the singlet to doublet transition shown in

Figures 1 and 3 of Ref. [18]. However, the larger hyperfine

and magnetic splittings of our singlet state makes our

spectra more complex.

The application of a magnetic field along the 〈111〉
direction reduces the symmetry to C1, and in principle all

Optics and Spectroscopy, 2022, Vol. 130, No. 1
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transitions should be allowed. However, transitions violating

the 1Iz = 0 selection rule are not observed, and the allowed

transitions are as shown in Table 8 of Ref. [1]. As the

magnetic field is increased, the Y1γ5 electronic doublet

splits in two. Transitions from Z1γ1 to the higher Y1γ5
states increase in spacing, whereas transitions from Z1γ1
to the lower Y1γ5 states tend towards the same energy,

since in the latter case the shift in energy of the states

as a function of magnetic field is similar (see Figures 2, a

and 2, b). The calculations give excellent agreement with

experiment, not only for the transition energies, but also the

transition intensities.

Experimental and calculated Zeeman spectra for the

Z1,2γ1,2 −→Y2,3,4γ3,5,2 transitions are given in Fig. 5 for

0.0 T, 0.2 T, and 0.4 T, and experimental and calculated

maps from 0.0 T to 0.6 T are given in Fig. 6. Here we

choose comparatively low field data (fields up to four Tesla

were measured) to illustrate the effect, since at significantly

higher fields the measured spectrum is too widely spread

to observe details and the intensity lowers significantly.

As can be seen in either figure, there is astonishingly

good agreement between the simulated spectra and the

experimental data, both for the energies and the transition

intensities.

Figure 7 shows calculated anticrossings within the Z1γ1
and Y1γ5 states, enlarged from Figures 2, a and 2, b. The

largest splitting for the anticrossings in Y1γ5 are comparable

with those in Fig. 3 of Ref. [18] (0.06 cm−1). However,

the larger line-widths in CaF2 compared to LiYF4 would

make resolving the anticrossings difficult, even for a low-

concentration crystal and higher-resolution measurement,

such as those of Fig. 5 of Ref. [1]. Anticrossings within Z1γ5
are of the order of 70 to 150MHz, and could potentially be

studied at RF frequencies. Enhancement of the coherence
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Z1,2γ1,2 → Y2,3,4γ3,5,2 in magnetic fields directed along the direc-

tion 〈111〉 up to 0.6 T.

Magnetic field, T
0 0.2 0.3 0.4

5257.1

5257.2

5257.3

W
av

en
u
m

b
er

, 
cm

–
1

b

Magnetic field, T
0 0.1 0.2 0.3

–0.02

0

W
av

en
u
m

b
er

, 
cm

–
1

a

0.1

–0.01

Figure 7. Extended energy level calculations with magnetic field

directed along the direction 〈111〉 for: a — Z1γ1 from 5I8 and b –
Y1γ5 from 5I7 .

time at anticrossings between hyperfine levels of the Z1

and Z2 electronic states of holmium in a molecular magnet

has been demonstrated in pulsed EPR measurements [19].
Similar measurements would be possible for the C4v(F

−)
CaF2 centre. However, the splitting between Z1γ1 and Z2γ2
is much larger (50.8 GHz) than the 9GHz splitting utilized

in Ref. [19]. There are clearly numerous anticrossings in the

Y2γ3, Y3γ5, Y4γ2 states. However, the complexity of the

spectra makes definitive identification extremely difficult.

Conclusion

We have investigated the hyperfine structure of Ho3+

ions in the C4v(F
−) centre in CaF2, under the influence

of a magnetic field applied along the 〈111〉 crystallographic
direction. In particular, we have presented results for

transitions to an isolated orbital doublet and a pseudo-

quadruplet grouping consisting of a doublet and two nearby

singlets. A crystal-field model developed previously [1], with

the addition of only the Zeeman term to the interaction

Hamiltonian, accounts for the experimental energies and
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transition intensities with remarkable precision. This bodes

well for the more challenging task of predicting ZEFOZ

points in the low symmetry materials used for quantum

information storage.
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