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Broadband EPR-spectroscopy and crystal field of Ho3+ centers in YAlO3
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YAlO3 : Ho (1.5 at.%) crystals were studied by the method of tunable broadband EPR spectroscopy in sub-

THz-band. EPR spectra of holmium ions with the resolved hyperfine structure correspond to resonant transitions

between electron-nuclear sublevels of the ground and first excited singlets of the main multiplet 5I8 of Ho3+ ions

substituting Y3+ ions in two magnetically inequivalent positions, the multiplet being split in crystal field of Cs

symmetry. In addition, EPR spectra of Ho3+−Ho3+ dimers are also registered, which contain the nearest holmium

ions in the magnetically equivalent positions. Crystal field parameters were obtained within the framework of the

exchange charge model, and calculations of Stark splittings, constants of hyperfine structure, g-factors of isolated

center and dimer were performed. These calculations are compared with optical spectroscopy data reported in

the literature and with the experimental results of this study. The validity of the theoretical model was verified by

calculating the characteristics of the previously studied crystal YAlO3 : Tm.
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1. Introduction

Yttrium orthoaluminate crystals YAlO3 (YAP) with

orthorhombic structure, together with yttrium-aluminum

garnet Y3Al5O12 (YAG), activated with Ho3+ ions are

widely used to excite laser generation in a wide spectral

range from blue to three-micron [1–4]. Laser radiation

in the two-micron area on the transition of 5I8 → 5I7
Ho3+ ions that corresponds to the window of absolute

transparency of atmosphere and is safe for human eyes,

is of special interest. YAP :Ho crystals combine good

spectroscopic, thermal and mechanical properties. Thanks

to natural birefringence, absorption and emission depend

on polarization, i. e. on crystal orientation. Contrary to

Y3Al5O12 with cubic structure, YAlO3 has orthorhombic

symmetry and a closer packing. Ho3+ ions enter the lattice

in positions of Y3+ ions with point symmetry Cs in the

environment of 8 closest oxygen atoms and the ninth atom

of oxygen at a somewhat longer distance [5] and create two

crystallographically equivalent, but magnetically inequivalent

paramagnetic centers, Ho1 and Ho2. YAP :Ho crystals are

promising for use in optical communications, radar location,

remote sensing of atmosphere, mechanical treatment of

materials and medicine.

Spectroscopic properties of crystals with Ho3+ ions

were studied using the method of electron paramagnetic

resonance (EPR) in a number of crystals, including

KY3F10 : Ho [6], Mg2SO4 [7], CaWO4 : Ho [8]. In our

previous papers [9,10] Ho3+ ions in YAG :Ho crystals,

which substitute for Y3+ ions in dodecahedral lattice

sites, were detected and studied using the method of

broadband EPR spectroscopy. The values of g-factor (16.4),
the hyperfine structure constant (10.88GHz) and energy

interval between the ground and first excited sublevels of

the main multiplet 5I8 of Ho3+ ion (119.81 GHz) were

determined [9]. In [10], Ho3+ ions with an antisite defect,

as well as a trigonal Ho3+ substituting Al3+ in octahedral

lattice sites were studied; the spectroscopic parameters of

the latter were determined which differ significantly from

those of Ho3+ localized in dodecahedral sites.

The purpose of this article is a study of EPR of Ho3+

ions in a crystal of yttrium orthoaluminate and modeling

of the spectra in low-symmetry crystal fields, which act

on holmium ions in the crystal lattice. We used our

experimental data obtained from broadband EPR —
spectroscopy for Ho3+ and Tm3+ ions [11], as well as

literature data of optical measurements.

2. Crystal growth and experiment

YAP single crystals activated with Ho3+ ions were grown

by the Bridgman method in the Institute for Physical

Research of the National Academy of Sciences of the
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Republic of Armenia (Ashtarak). Modification of the

Bridgman method in respect to the growth of high-melting

oxides (Al2O3, YAG etc.) was developed in 1960s by

Kh.S. Bagdasarov in the Institute of Crystallography named

after A.V. Shubnikov of the Russian Academy of Sciences

(Moscow) and is based on using thermal units made of Mo

and W, Mo containers and reducing atmosphere [12,13].
YAP :Ho crystals were grown in high-purity Mo tubes in

Ar/H2 (10%) atmosphere, using YAP seeds oriented along

the b-axis, and 2mm/h lowering speed. Concentration of

Ho3+ ions was 1.5 at.% in respect to Y3+. Interaction with

the container metal leads to dissolution of some Mo in the

melts, a part of which is absorbed by the crystal. Mo3+

centers were observed in EPR spectra of YAP crystals

grown by the method of horizontal directional solidification

in Mo containers [14]. The measured concentration of

Mo3+ in YAG crystal grown by the Bridgman method,

which has a close to YAP melting point is 8 · 10−3 at.% [15].
The produced YAP :Ho crystals with length of 50−60mm

contain no twins or light-scattering inclusions, are colorless

and are not colored under long-term daylight exposure.

They were not subjected to any post-growth thermal

treatment.

Measurements were made on a tunable EPR spectro-

meter [16] at liquid helium temperature in magnetic fields

of up to 9 kG. Several spectra were recorded while the

sample was warmed up by a few degrees. A number of

paramagnetic centers were found. The most intence signal

that belonged to isolated Ho3+ ion, with a characteristic

hyperfine (HF) structure, comprising 8 lines was observed

in the frequency range of 150−230 GHz. Electronic

configuration of Ho3+ is 4f10 ion, the ground state of the free

ion is 5I8 (L = 6, S = 2, J = 8). In the local crystal field

of Cs symmetry all electron multiplets are split into orbital

singlets. The spectra we observe are related to resonance

transitions between the ground and first excited singlets.

Figure 1 presents the type of EPR spectra of Ho3+ ion

recorded at frequency of 165GHz in the orientation, when

the magnetic field is in the plane (ab) and deviates from

direction b by angle ϕ = 37◦ .

Since the second excited level is located at the distance

from the primary one with an energy interval of more

than 30 cm−1, in the first approximation you may assume

that holmium forms a two-level system. In this case non-

Kramers Ho3+ ion has only one component of g-tensor
not equal to zero (gZZ = g , directions of magnetic axes Z

of Ho1 and Ho2 centers were defined from angular

dependences of the spectra). Angular dependences are

described by the inverse cosine function. EPR signals are

observed in the collinear mutual polarization of static and

alternating magnetic fields (B0 ‖ B1). The experimental

angular dependence of the spectra at rotation of the crystal

in the (ab) plane is shown in Figure 2.

For clarity the figure presents the values of resonant mag-

netic fields of only low-field components of HF structure.

In case of Cz symmetry, magnetic axes Z of Ho1 and Ho2

centers lie in the plane (ab), perpendicular to the normal
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Figure 1. Measured (black line) and calculated (red line)
EPR signals at a frequency of 165GHz of a single Ho1 center;

the magnetic field is directed at an angle of 37◦ to axis b in

plane (ab). Additional lines in fields B > 5 kG correspond to

resonance transitions in Ho2 centers.
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Figure 2. Angular dependence of EPR spectra of Ho3+ ions

in YAlO3 crystal. Rotation in plane (ab). Frequency 165GHz.

Symbols (triangles — Ho1 centers, circles — Ho2 centers)
correspond to the measurement data, lines — to inverse cosine

function.

line to the reflection plane. Direction of g-factor is deviated
by 37◦ (Ho1) and −37◦ (Ho2) from axis b. For Ho1 centers

the frequency-field dependence of EPR spectra measured in

direction of axis Z is compared to the results of calculations

(see the next paragraph) in Figure 3.

Weaker satellite lines are superimposed onto eight HF

structure lines of singlet-singlet transition (Figure 1) of

the isolated center. Their origin is related to formation

of antisite-defects near the isolated center. Due to high

holmium concentration (1.5%), it was not possible to
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Figure 3. Measured (symbols) and calculated (solid lines)
frequency-field dependences of EPR signals in single centers in

magnetic fields oriented in direction of maximum g-factor.
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Figure 4. Measured (black lines) and calculated (red lines)
absorption spectra of dimer formed by two closest magnetically

equivalent Ho1 ions, in magnetic fields parallel to the direction of

the maximum g-factor of the main doublet of Ho1 single centers.

separate the spectra from different centers. However, the

presence of satellites next to the lines of the isolated

center indicates that they have close values of g-factors, HF
structure constants and splittings in the zero field. Note that

imposition of additional lines onto the holmium spectrum

deteriorated the accuracy of finding the center of the lines

and led to higher error in the determination of spectral

parameters.

A paired Ho3+−Ho3+ center was also found in the alu-

minate crystal. Examples of dimer spectra are shown in Fi-

gure 4.

Figure 5 shows frequency-field dependences of reso-

nant transitions of dimer (low-frequency excitation branch)

measured in the same orientation as for the isolated

center. In the zero magnetic field the electronic spec-

trum of dimer contains four lower states (|1〉 = (0, 0),
both ions in the ground state; |2〉 = [(1, 0) − (0, 1)]/

√
2

and |3〉 = [(1, 0) + (0, 1)]/
√
2, when one of ions is excited,

energy of states |2〉 and |3〉 differ due to the interac-

tion between ions; |4〉 = (1, 1), both ions are excited).
With account of spin moments of nuclei, the degener-

acy factor of each state is 64. Thus, at frequencies

below 300GHz, it is possible to observe two branches

of magnetic dipole parity allowed transitions (|1〉 → |3〉
and |3〉 → |4〉). In accordance with the measurement

results, the low frequency branch of EPR spectra of

dimers, which starts near frequency 132GHz, corresponds

to transitions |3〉 → |4〉, the second branch appears at

frequency ∼ 170GHz and corresponds to transitions from

the ground level |1〉 → |3〉. This is indicated by the

growth of intensity of the low frequency branch lines at a

minor (by several degrees) increase of temperature. The

angular dependence of dimer spectra is identical to the

dependence of the isolated spectra. For the low frequency

branch at frequencies above 140GHz 15HF structure lines

were observed. However, the intensity of the lines is

not described by ratio 1 : 2 : 3 : 4 : 5 : 6 : 7 : 8 : 7 : 6 : 5 : 4 : 3 : 2 : 1,

which is valid when only the diagonal component (AJZIZ)
of the hyperfine interaction is taken into account, although

the intensities from the outer to the center lines of the

spectrum increase. The lines of the isolated center limited

the area of observation of resonant transitions in the

range of high-frequency dimer branch. As can be seen

from Figure 3, the observation of such transitions in our
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Figure 5. Measured (symbols) and calculated (solid lines)
frequency-field dependences of the recorded EPR signals of paired

centers of Ho3+ ions in the closest magnetically equivalent posi-

tions of Ho1 in the magnetic fields parallel to the corresponding

magnetic axis Z. The dotted line in the frequency range of

134−138GHz presents, as an example, additional signals that

appear in weak magnetic fields.
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spectrometer was only possible in the magnetic fields of

up to 2 kG. In the large magnetic fields the lines of

isolated and paired centers were imposed. A frequency-

field dependences were built for the low-frequency branch

(Figure 5). The weak magnetic fields demonstrated

splitting of 15 dimer lines into multiple components (note
that the complete number of possible transitions in every

branch is equal to 64 · 64 = 4096). In the frequency

range 132−135 GHz it was not possible to follow their

frequency-field dependence due to the overlap of the

lines.

3. Calculations of spectra
and discussion

A lattice cell of dielectric orthorhombic crystals YAlO3

(the space group of symmetry Pbnm (D16
2h), lattice dis-

tances a =0.518 nm, b=0.533 nm, c =0.7375 nm) con-

tains four Y3+ ions in positions with local Cs symmetry

with coordinates (in units of lattice constants a, b, c)
rY1=(t, p, 1/4), rY2=−rY1, rY3=(1/2− t, p + 1/2, 1/4),
rY4=−rY3, where t =−0.01192 and p=0.05305 [17,18].
Impurity holmium ions substitute for yttrium ions in

the specified positions and form two types of mag-

netically inequivalent paramagnetic centers, Ho1 (in po-

sitions Y1 and Y2) and Ho2 (in positions Y3
and Y4).
Hamiltonian of Ho3+ ions used in modeling the results of

EPR spectra measurements, determined in the full space of

1001 electron states of electronic configuration 4f10, has the

form

H = HFI + HCF + HZ. (1)

In operator (1) HFI — parameterized standard Hamiltonian

of free ion [19], HCF — energy of interaction with the

static crystal field, HZ —- energy of interaction with the

external magnetic field B0. In accordance with the local

Cs symmetry in the Cartesian coordinate system with

axes x , y, z , directed along crystallographic axes b, c, a ,
accordingly, operator HCF will takes the form

HCF = B0
2O0

2 + B1
2O

1
2 + B2

2O
2
2 + B0

4O
0
4 + B1

4O
1
4

+ B2
4O

2
4 + B3

4O
3
4 + B4

4O
4
4 + B0

6O
0
6 + B1

6O
1
6

+ B2
6O

2
6 + B3

6O
3
6 + B4

6O
4
6 + B5

6O
5
6 + B6

6O
6
6, (2)

where Op
q — linear combinations of spherical tensor

operators summed over 4f electrons [20].
Calculations of the crystal field parameters B p

q (CFP) are

performed within the framework of the exchange charge

model [21]. CFP of centers Ho1 and Ho2 are equal in ab-

solute value but have opposite signs at p = 1, 3, 5. Results

of the calculations adjusted on the basis of comparison of

calculated and measured resonant magnetic fields are given

in Table 1.

The energies of Stark sublevels of the ground and first

excited multiplets of holmium ions, calculated using the

Table 1. Crystal field parameters (cm−1) for Ho1 and Tm1

centers in YAlO3 : Ho and YAlO3 : Tm crystals

q p Ho1 Tm1

2 0 15.44 10.44

2 1 755.1 705.1

2 2 245.3 218.3

4 0 28.51 33.51

4 1 −1076.9 −956.9

4 2 −154.5 −154.5

4 3 −984.8 −924.8

4 4 −324.0 −289.0

6 0 59.13 59.13

6 1 19.7 19.7

6 2 178.9 177.9

6 3 159.4 159.4

6 4 −381.8 336.8

6 5 406.7 426.7

6 6 352.0 361.99

above CFP are compared to the results of optical spec-

troscopy [22] in Table 2 (own values and wave functions of

the operator H0 = HFI + HCF were obtained by numerical

diagonalization of the corresponding matrix constructed in

the space of Slater determinants of the electron shell 4f10).
Table 2 also shows the irreducible representations of Cs

group, which describe the symmetry of the corresponding

ion levels. Operators of components of electronic magnetic

moment M (projections on axis a, b, c) have matrix ele-

ments 〈Ŵ1i|Ma |Ŵ2 j〉 and 〈Ŵ1i|Mb |Ŵ2 j〉 different from zero.

The calculated maximum g-factor of the ground electron

quasi-doublet (effective spin S = 1/2) with energies E1 = 0

and E2 = 5.06 cm−1 is

g = 2
[

(Ma,1 2)
2 + (Mb,1 2)

2
]1/2

/µB (3)

(µB — Bohr magneton) is equal to 15.8 in the magnetic

field directed in the plane ab at an angle +39◦ and −39◦

to b axis for Ho1 and Ho2 centers, accordingly.

The additional substantiation of the physical sense in

the CFP set obtained in this paper and given in Table 1,

apart from the quite precise description of magnetic charac-

teristics and qualitative agreement of the calculated Stark

structure of two lower multiplets of holmium ions with

the data of optical spectroscopy [22], is the opportunity

that opened to reproduce the magnetic characteristics

of non-Kramers Tm3+ impurity ions (ground electronic

configuration 4f12) in YAlO3 crystal, measured in paper [11],
using only comparatively small changes in CFP of Ho3+

ions (Table 1). In particular, we obtained splitting of the

main quasi-doublet in the zero magnetic field 1 = 3 cm−1

(2.97 cm−1), maximum g-factor 10.31 (∼ 10) and corre-

sponding magnetic axis Z in the plane (ab) at angle 36.2◦

(35◦) to b axis (the brackets contain the measurement

data [11]).
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Table 2. Energies E (cm−1) and symmetry (Ŵ — irreducible

representations) of sublevels of the ground (5I8) and first excited

(5I7) multiplets of Ho3+ ion in the crystal field

� Ŵ E E [22] � Ŵ E E [22]

1 Ŵ1 0 0 1 Ŵ2 5199.1 5186

2 Ŵ2 5.06 6 2 Ŵ1 5199.4 5187

3 Ŵ2 31.35 37 3 Ŵ2 5236.5 5222

4 Ŵ1 74.30 48 4 Ŵ2 5238.2 5253

5 Ŵ1 120.2 58 5 Ŵ2 5261.7 5255

6 Ŵ2 130.9 71 6 Ŵ1 5263.2 5264

7 Ŵ1 206.3 100 7 Ŵ2 5297.3 5266

8 Ŵ2 224.1 126 8 Ŵ1 5303.1 5268

9 Ŵ2 284.5 137 9 Ŵ1 5336.3 5280

10 Ŵ1 299.8 193 10 Ŵ2 5338.8 5288

11 Ŵ1 323.4 211 11 Ŵ1 5351.9 5318

12 Ŵ2 325.1 222 12 Ŵ2 5357.4 5326

13 Ŵ1 442.4 289 13 Ŵ1 5363.9 5337

14 Ŵ2 444.5 327 14 Ŵ2 5374.9 5346

15 Ŵ2 482.6 425 15 Ŵ2 5378.0 5357

16 Ŵ1 487.6 474 − − − −

17 Ŵ1 501.7 499 − − − −

Holmium has the only stable isotope 165Ho with nuclear

spin I = 7/2. The operator of magnetic hyperfine interac-

tion has the form [6]

HHF = AHF

∑

k

{

Ilk +
1

2

[

O0
2,k(3skz Iz − skI)

+ 3O2
2,k(skx Ix − sky Iy) + 3O−2

2,k (skx Iy + sky Ix )

+ 6O1
2,k(skx Iz + skz Ix ) + 6O−1

2,k (skz Iy + sky Iz )

]}

, (4)

where summation occurs in 4 f electrons with orbital

and spin moments lk and sk , AHF = 2µBγHo~〈1/r3〉4 f ,

γHo/2π = 8.98MHz/T — gyromagnetic ratio of nu-

cleus 165Ho, 〈r3〉4 f = 9.7 a.u. [6]. As it appears from

the performed calculations, when considering the sub-

THz EPR, the electric quadrupole hyperfine interaction in

holmium ions may be neglected.

The procedure to calculate the envelope EPR signals

included projecting the operators Hz x = µB
∑

k(lk + 2sk)B0

and HHF onto the space of electronic-nuclear eigenwave

functions of operator H0, corresponding to multiplets
5IJ (J = 4, 5, 6, 7, 8). The resulting matrices with size

(2S + 1)(2L + 1)(2I + 1) are diagonalized numerically for

the fixed values and directions of the magnetic field B0.

Distributions of resonance absorption intensity at fre-

quency ω in the spectral lines corresponding to transitions

between hyperfine sublevels j and k of the ground (Ŵ)
and excited (Ŵ′) singlets, accordingly, depending on the

magnetic field at temperature T were calculated using the

step of field change δB ) = 5 · 10−4 T in accordance with

formula

I(Ŵ → Ŵ′, B0) =
∑

j∈Ŵ

∑

k∈Ŵ′

∣

∣〈k(B0)|MB | j(B0)〉
∣

∣

2

× exp(−E j(B0)/kBT )I0[Ek(B0) − E j(B0) − ~ω], (5)

where MB — projection of the ion magnetic moment

operator onto the magnetic field direction, kB — Boltzmann

constant, and I0(B0) — Lorentz shape function of individual

transitions with variable width.

Modeling of EPR spectra of dimers (distance between

ions in dimer R12 = 0.373 nm), containing the closest

magnetically equivalent Ho1 ions (in positions rY1 and rY2)
or Ho2 ions (in positions rY3 and rY4), was carried out using

Hamilton operator

Hdim = H(1) + H(2) + Hdip(1, 2) + Hex(1, 2), (6)

where energies of magnetic interactions (dipole-dipole Hdip

and isotropic antiferromagnetic exchange Hex) were added

to the sum of energies of isolated ions (see (1)). Operator
of exchange interaction Hex(1, 2) = JexS1 · S2 (where Si —
operator of full spin moment of ith ion) contains the only

variable parameter of the model, the exchange integral

Jex, the value of which (Jex = 0.17 cm−1) was determined

from the comparison of the calculated envelope absorption

spectra (Figure 4) and frequency-field dependences of EPR

signals (see Figure 5) with the measurement data. The

calculations were carried out in the space of the dimer

states determined by the Kronecker product of subspaces

of electronic-nuclear wave functions of the main non-

Kramers doublets of two holmium ions, using the intensity

distribution, similar to (5), where the operator of magnetic

moment of one ion is substituted with a sum of magnetic

moments of two ions) and frequency-field dependences

of EPR signals with measurement data (Figure 5). The

dimer axis only slightly deviates from c axis and, since

the magnetic moments of isolated ions lie in plane ab,
antiferromagnetic exchange interaction strengthens the mag-

netic dipole interaction between ions. Within the Russell-

Saunders coupling scheme the energy of magnetic dipole

interaction is obtained as Hdip = D(S1a S2a + S1bS2b), where

D = µ2
B(1− 1/gJ)

−2/R3
1 2 and gJ = 5/4 — Lande factor

of multiplet 5I8. Therefore, in the considered dimers

of holmium ions the exchange and magnetic dipole

(D = 0.21 cm−1) interactions have comparable values. Let

us note that the magnetic properties of the dimers of

ytterbium impurity ions in the YAIO3 crystal with similar

structure, in which the dominant role belongs to exchange

antiferromagnetic interaction, were studied in [23].

4. Conclusion

Despite the fact that spectral and magnetic properties of

diluted and concentrated rare-earth aluminates have been

studied for decades, and some YAlO3 crystals activated by

Er3+, Tm3+, Ho3+ ions are already used in lasers to obtain

Physics of the Solid State, 2025, Vol. 67, No. 6
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the stimulated radiation in various frequency ranges [24],

the parameters of the crystal field (CFP), acting at rare-

earth ions in positions with local Cs symmetry, remain

unknown due to the lack of information on the structure of

the operator’s eigenfunctions to build the operator HCF —

wave functions of Stark sublevels of electronic multiplets.

The only set of 15 CFP that we know is given in Ref. [25]

for Tm3+ ions is unreliable, since the energy of the first

excited state (31 cm−1) obtained using these parameters is

by an order of magnitude higher than the experimental value

(3 cm−1 [11]).

In this paper we have measured the low-temperature

spectra of sub-THz EPR Van Vleck paramagnetic

YAlO3 : Ho
3+ (1.5%). Two types of paramagnetic centers

were found, formed by isolated Ho3+ ions in magnetically

inequivalent positions of Y3+ ions, and dimers containing

the closest magnetically equivalent Ho3+ ions. The spectra

of isolated centers have the resolved hyperfine structure.

The observed spectral lines correspond to the resonant

transitions between the hyperfine sublevels of the ground

and first excited singlets in the ground multiplet 5I8. The

value of Stark splitting between these singlets is measured.

Directions of the maximum g-factor of magnetically in-

equivalent centers lie in plane (ab) and are turned away

from the crystallographic direction b by +37◦ and −37◦.

Based on the analysis of the spectra and calculations within

the exchange charge model, CFP were determined the use

of which made it possible to reproduce the measurement

results.

Dimer spectra comply with the resonant transitions

between the electronic-nuclear sublevels of four electronic

levels of two non-Kramers quasi-doublets. According to

the rules of selection by parity, transitions were observed

from the ground to the second excited level and from the

second excited to the third excited level. Two frequency-

field dependences of transitions were constructed for the

corresponding branches of the excitation spectrum. The

high-frequency branch of the dimer spectrum was imposed

on the excitation spectrum of isolated centers and was

recorded in the limited range of magnetic fields. The

low-frequency branch of the spectrum has a complicated

structure that contains multiple intense and weak lines.

The calculation of the dimer spectrum, apart from energies

of isolated ions, took into account the magnetic dipole-

dipole and isotropic antiferromagnetic exchange interaction.

The obtained value of the exchange interactions in the

dimers may be used to built the theory of antiferromagnetic

electron-nuclear ordering found at TN = 0.16K in the

concentrated compound HoAlO3 [26].
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