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The microwave resonance absorption at wavelengths 871, 406, 305, and 118 �m �frequencies 344, 739,
984, and 2540 GHz� in tetragonal layered perovskites HoBa2Cu3Ox �x�6.0,6.3� in pulsed magnetic fields up
to 40 T has been observed. This absorption is caused by the electronic transitions between low-lying levels of
the Ho3+ ion in the crystal field. The positions and intensities of the tetragonal symmetry allowed absorption
lines for the crystal with x=6.0 in the magnetic field oriented along the principal tetragonal axes are adequately
described in terms of the available crystal field parameters. To explain the symmetry forbidden absorption
lines, it is necessary to take into account the effect of the inhomogeneous orthorhombic and monoclinic
components of the crystal field as well as an effective exchange field from the ordered Cu2+ subsystem at the
Ho3+ sites. The origin of the local deviations from the ideal tetragonal symmetry are ascribed to disorder in the
oxygen subsystem This disorder and consequently also its impact on the absorption spectra is more pronounced
in the crystal with x=6.3.
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I. INTRODUCTION

In RBa2Cu3Ox compounds1,2 �R—rare-earth ion or yt-
trium�, the rare-earth and superconducting subsystems are
known to weakly interact, which is evidenced by magnetic
ordering in the rare-earth subsystem observed both in super-
conducting and in nonsuperconducting samples at low tem-
peratures. The trivalent rare-earth ions are located at the
structure sufficiently close to the CuO2 “superconducting
planes” and can serve as a local probe, sensitive to the sym-
metry of its environment and the charge-density distribution.
The changes in the symmetry and charge distribution signifi-
cantly influence the crystal field �CF� splitting of the 4fn

electronic structure of the rare-earth ion. The crystal field and
magnetic excitations in layered perovskites were investigated
in many neutron3–6 and optical absorption7–9 works. How-
ever, the reported electronic structures of rare-earth ions are
not always entirely compatible with the results of detailed
investigations of the magnetic properties of the crystals in
applied magnetic fields �see, e.g., Ref. 10�. One of the sug-
gested causes for this discrepancy are the local deviations
from the ideal tetragonal symmetry. The structure of layered
perovskite crystals is imperfect, the disorder in the oxygen
subsystem can give arise the inhomogeneous �i.e., some
variation in the tetragonal CF parameters across the sample�
and low-symmetric components of the CF, primarily of the
second order �B2

2O2
2 type�, the contribution to which from the

neighboring charges decreases slowly with an increase in
distance. The disorder-induced low-symmetry CF compo-
nents are expected to strongly influence the magnetic behav-
ior of non-Kramers paramagnets such as HoBa2Cu3Ox.

A singlet paramagnet HoBa2Cu3Ox, one of the most inter-
esting objects of this type within the R123 family, exhibits a
coupled electron-nuclear ordering at very low temperature.11

Experimental study of the magnetic properties of
HoBa2Cu3Ox �x�6.3� crystal in low and high magnetic
fields revealed the intimate relation between the low-energy
part of the electronic structure and the peculiarities of the
magnetic behavior: the value and sign of the magnetic aniso-
tropy, the change in the easy magnetization axis induced by
varying temperature or magnetic field, a manifestation of the
energy level crossing effect in high magnetic field, etc.10

In particular, the calculation of the Zeeman effect and
magnetic properties of the HoBa2Cu3Ox compounds consid-
ering the parameters of the CF determined from the neutron
experiments predicts the crossover of the energy levels of the
Ho3+ ions for the magnetic field H � �001�.12,13 However,
merely “hints” of the expected magnetic anomalies were ob-
served in the experiment.10 It implies that the observed mag-
netic behavior of the HoBa2Cu3Ox crystal at low tempera-
tures is not in full agreement with the electronic structure of
the Ho3+ ion obtained in Refs. 3–5; i.e., the CF analysis
should be refined.

Aiming at this refinement we investigated in this work the
microwave �MW� absorption spectra in high magnetic fields,
providing direct information on the electronic structure of
the rare-earth ion, i.e., the energy spacing between the
lowest-energy CF levels, value and anisotropy of the doublet
g factors, and matrix elements of the relevant operators.14

The experimental MW absorption data are then compared to
the results of numerical calculations based on the CF formal-
ism.
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In two following sections we describe the experimental
technique and present experimental data in pulsed magnetic
fields. The crystal field model used and the Ho3+ electronic
structure in HoBa2Cu3Ox is described in Sec. IV. The results
of the CF analysis of the MW absorption spectra are dis-
cussed in Sec. V.

II. SAMPLES AND EXPERIMENTAL TECHNIQUES

The HoBa2Cu3Ox single crystals were grown by the flux
method from alumina crucibles. The “as-grown” crystals
were then annealed in air or in vacuum at temperatures
900 °C and 650 °C, respectively, and were rapidly
quenched down to room temperature in order to transform
the samples to the tetragonal phase. The iodometric titration
method showed that the oxygen content in the crystals after
such a thermal treatment was x=6.3 and 6.0, respectively.
According to chemical and electron-probe microanalyses, the
cation ratio in these crystals was 1:2:3 within the limits of
the experimental error. The Al weight concentration in the
crystals did not exceed 0.5%, and their composition can be
written as HoBa2Cu3−yAlyOx �y�0.1�.

X-ray analysis of the crystals before and after annealing
was carried out in order to determine admixture phases, a
change in the lattice parameters and the width of diffraction
peaks. The latter indicates the variation in the lattice param-
eters a and c �i.e., the oxygen index� across the sample.
X-ray patterns of the Ho123 crystal before and after anneal-
ing �Fig. 1, the calculated line positions are shown by verti-
cal bars� demonstrate the increase in the parameter c after
annealing in accordance with the literary data.15 As a result,
the diffraction peak �00 11� for the annealed crystal is dis-
placed by about ��2��=1.5° �inset in Fig. 1�. In addition,
diffraction peaks become considerably �two to three times�
narrower after annealing in vacuum as compared to the peaks
for the as-grown crystal.

The crystals were found to absorb strongly at the wave-
lengths used in experiments. Therefore, we used thin plates,
whose thickness was about 0.1 mm along the tetragonal axis;
their sizes in the plane perpendicular to the tetragonal axis

were 3�4 mm2. Our experience demonstrates that it is im-
possible to measure MW absorption spectra in a high mag-
netic field along the hard magnetization axis on a free crystal
because of a torque that appears at a small field deviation. To
prevent samples from breaking during a field pulse we had to
place them in an epoxy resin drop.

The pulsed measurements were performed using equip-
ment at the Laboratoire Nationale des Champs Magnetiques
Pulses �Toulouse, France�. The field was generated at the
discharge of a capacitor battery through a copper coil. The
maximum field Hmax=36 T was reached in 70 ms, and the
total duration of the pulse was about 300 ms �for details see
Ref. 16�. The MW absorption spectra were investigated in
the Faraday geometry at wavelengths 871, 406, 305, and
118 �m �frequencies 344, 739, 984, and 2540 GHz� in mag-
netic fields up to 36 T and temperatures ranging from 4.2 to
40 K. The excitations in the far infrared region were obtained
using the Fabry-Perot cavity with optical pumping by a CO2
laser. The deviation of the field from the tetragonal �001�
axis under our experimental conditions was the same for all
wavelengths and temperatures and was no more than
�2° –3°.

III. MICROWAVE ABSORPTION SPECTRA

The intensity of 871, 406, 305, and 118 �m microwave
radiation passed through the HoBa2Cu3O6 crystal �transpar-
ency� for various temperatures is shown in the upper panels
of Figs. 2–5 as a function of the magnetic field applied along
the �001� tetragonal axis. For each wavelength, the spectra
for various temperatures are given in the same scale and are
shifted along the ordinate axis by a certain value. The ab-
sorption spectra at various wavelengths have some common
features.

Let us consider specific features of the spectra at the
wavelength of 871 �m �f =344 GHz, Fig. 2� in more detail.
At T=4.2 K, two resonance lines a� and b� of different inten-
sities are observed near H=2 and 19 T. These lines corre-
spond to transitions from the ground level of the Ho3+ ion to
the sublevels of the excited doublet at 14 K split in the mag-
netic field since their intensities decrease with increasing
temperature. The low-field absorption line a� has an asym-
metric shape and a long tail from the side of low fields �see
inset in Fig. 2�. The weaker absorption line c� near 4 T is
associated with the transition from the lower sublevel of the
doublet at 14 K; the relative intensity of this line increases
with temperature. The absorption spectrum at a wavelength
of 406 �m �f =739 GHz, Fig. 3� exhibits a qualitatively
similar behavior: lines d� and e� are associated with the tran-
sitions from the ground level and high field line e� becomes
wider. The weaker lines d��, f�, and g� are attributed to the
transitions from the low-lying exited levels.

Pronounced lines associated with the transitions from ex-
cited levels are observed in the spectra at wavelengths 305
and 118 �m �f =984 and 2540 GHz, Figs. 4 and 5�. In the
spectra at wavelength of 305 �m, two absorption lines h� , h��
attributed to the transitions from the ground �or low-lying
excited levels� merge into a wide line whereas the transitions
from the excited levels result in the absorption lines i� and j�.
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FIG. 1. X-ray patterns of the HoBa2Cu3Ox crystal before �x
=6.9, c=11.741 A� and after �x=6.0, c=11.841 A� annealing in
vacuum at 670 °C. The calculated positions of the diffraction peaks
are shown by vertical bars. The inset shows the diffraction peaks
�00 11� in the larger scale.

KAZEI et al. PHYSICAL REVIEW B 82, 134444 �2010�

134444-2



And in the spectra at wavelength of 118 �m, two absorption
lines k� and l� exhibiting the opposite dependence of the inten-
sity on the temperature can be connected to the transitions
from the ground and exited levels, respectively.

The investigations of the crystal with x=6.3 at the same
wavelengths reveal strong nonresonance absorption, which is
likely due to an increase in charge carriers. Resonance ab-
sorption was reliably observed and investigated at the wave-
length of 871 �m �see a typical spectrum in Fig. 6�. Weak
resonance lines a� and c� , located symmetrically with respect
to the minimum at 2 T, are seen against the large nonreso-
nance absorption background exhibiting a wide maximum in
the region 5–10 T. Although these lines are not clearly re-
solved in fields, they are well reproduced in consecutive
magnetic field “shots.” Also, there is a significant absorption
in the field interval 0–1.5 T as compared to the crystal with
x=6.0. The comparison of the spectra for the crystals with
x=6.0 and 6.3 shows that the relative intensity of line c�
increases with the oxygen content and approaches the inten-
sity of line a� .

IV. THEORETICAL BACKGROUND

To calculate the absorption spectra of the tetragonal crys-
tals HoBa2Cu3Ox in the high magnetic field, we used a
Hamiltonian including the crystal field Hamiltonian, HCF,
and the Zeeman term, HZ.

H = HCF + HZ. �1�

The CF term is written within a system of x ,y ,z axes
parallel to the �100�, �010�, and �001� axes of the lattice cell,
respectively:

HCF = �JB2
0O2

0 + �J�B4
0O4

0 + B4
4O4

4� + 	J�B6
0O6

0 + B6
4O6

4� ,

�2�

where On
m, Bn

m, and ��J ,�J ,	J� are the Stevens operators, CF
parameters, and Stevens parameters, respectively. The inter-
action with the applied magnetic field H is described by the
Zeeman term,

HZ = − gJ�BH · J , �3�

where J is the angular momentum operator for the Ho3+ ion,
and gJ and �B are the Landé factor and the Bohr magneton,
respectively. Neutron investigations of magnetic excitations

0 10 20 30 40

0.8

1.0

1.2

0 2

0.8

1.0

HoBa
2
Cu

3
O

6

H || [001]

In
te

ns
ity

(a
rb

.u
ni

ts
)

µ
0
H (T)

c

b

T = 4.2 K

20 K

a

λ = 871 µm (f = 344 GHz)

0 10 20 30 40
-8

-6
-3

-2

-1

0

1

2

In
te

ns
ity

(a
rb

.u
ni

ts
)

µ
0
H (T)

a

T = 4.2 K

20 K
30 K

2

1

c

b

T = 4.2 K

20 K

a

0 5 10 15

-1

0

1
c

1' 1
1o

b

11m

c'
c

b
a

T = 20 K

FIG. 2. Experimental �upper panel� and calculated �lower panel�
MW absorption spectra of the HoBa2Cu3O6.0 crystal in the pulsed
magnetic field directed along the tetragonal axis at 871 �m �f
=344 GHz, spectra for different temperatures are shifted along the
ordinate by a certain value�. Lines a� -c� correspond to the transitions
between the Ho3+ energy levels marked in lower panel of Fig. 7.
The calculations have been performed for the set 2 of the CF pa-
rameters without �full curves� and with inclusion of a small mono-
clinic �B2

1=120 K, dashed curve 1m� and orthorhombic �B2
2

=40 K, dotted curve 1o� CF components as well as with a small
deviation ���=10°, full thin curve 1�� out of the tetragonal axis.
The calculated positions of the absorption lines are marked by an
arrow in the experimental spectra. The inset shows the approxima-
tion of the experimental absorption line at 2 T �curve 1� by Gauss-
ian shape line �curve 2�.
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FIG. 3. Experimental �upper panel� and calculated �lower panel�
MW absorption spectra of the HoBa2Cu3O6.0 crystal in the pulsed
magnetic field directed along the tetragonal axis at 406 �m �f
=739 GHz, spectra for different temperatures are shifted along the
ordinate by a certain value�. Lines d� -g� correspond to the transitions
between the Ho3+ energy levels marked in upper panel of Fig. 7.
The calculations have been performed for the set 2 of the CF pa-
rameters without �full curves� and with inclusion of a small mono-
clinic �B2

1=120 K, dashed curve 1m� or orthorhombic �B2
2=40 K,

dotted curve 1o� CF components as well as with a small deviation
���=10°, full thin curve 1�� out of the tetragonal axis. The calcu-
lated positions of the absorption lines are marked by an arrow in the
experimental spectra.
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and interactions in the HoBa2Cu3Ox compounds show that
the exchange interactions involving the Ho ions are weak11,17

and do not lead, according to our analysis, to a noticeable
effect in the MW absorption spectra. Note that the effective
fields from two Cu sublattices cancel each other at the Ho3+

sites for a simple collinear magnetic structure according to
the symmetry arguments.18–20 For a magnetic structure with
canted Cu2+ magnetic moments, an effective field at the Ho3+

sites from the ordered Cu2+ subsystem, HCu, perpendicular to
the tetragonal axis can appear.

Various sets of the tetragonal CF parameters and their
applicability to the description of the existing experimental
HoBa2Cu3Ox data were discussed in Ref. 10. The data for
crystals with 6.0
x
6.3 indicate the presence of the ortho-
rhombic or even lower symmetry CF components.10 In the
case of the orthorhombic CF, Hamiltonian �2� is supple-
mented by four additional terms Bn

2On
2 �n=2,4 ,6� and B6

6O6
6;

the largest effect is here attributed to the second-order term
B2

2O2
2. Similarly, the monoclinic CF components are repre-

sented by the second-order term B2
1O2

1 in the following.
The energy levels Ei and wave functions �	i
� of the Ho3+

ion are obtained by numerically diagonalizing the total per-
turbation Hamiltonian, Eq. �1�. The relative intensity int�i , j�

of the resonance absorption line, corresponding to transition
between the CF levels i and j of the ground multiplet, is
calculated using the formula,

int�i, j� � gJ
2�B

2�
i

�
j�i

�f i − f j�	i�J��j
	j�J��i
g�E� �� = x,y� .

�4�

Here, the difference between the Boltzmann factors fm
=exp�−Em /kBT� /Z; �m= i , j; Z=�iexp�−Ei /kBT�� accounts
for the different populations of the levels i and j. In the
longitudinal geometry k �H and for the magnetic field orien-
tated along the tetragonal �001� axis, the formula contains
the matrix elements 	i�J��j
��=x ,y�. In our experiment the
line shape g�E� is approximated by the Gaussian function
g�E�=exp�−�E−Eij�2 /2�E

2� / ��2�E�, except for a low-field
tail �see dashed curve in inset of Fig. 2�. The magnetic field
linewidth �=�H=�E / ��Eij /�H� is determined by the energy
linewidth �E and a derivative �Eij /�H, i.e., by the depen-
dence of the energy difference Eij = �Ej −Ei� on the magnetic
field near the resonance field Hij. The energy linewidth �E
was determined from the a� resonance line in the 871 �m
experimental spectrum. We did not take into account the

0 10 20 30 40

0.0

0.4

0.8

1.2

ji

h'
h

µ
0
H (T)

HoBa
2
Cu

3
O

6

H || [001]

λ = 305 µm (f = 984 GHz)

In
te

ns
ity

(a
rb

.u
ni

ts
)

T = 4.2 K

20 K

30 K

0 10 20 30 40
-4

-3

-1

0

1m

h

h'

In
te

ns
ity

(a
rb

.u
ni

ts
)

µ
0
H (T)

T = 4.2 K

20 K

0 5 10
-4

-2

0

1o

1'

1 j

i
1 T = 20 K

FIG. 4. Experimental �upper panel� and calculated �lower panel�
MW absorption spectra of the HoBa2Cu3O6.0 crystal in the pulsed
magnetic field directed along the tetragonal axis at 305 �m �f
=984 GHz, spectra for different temperatures are shifted along the
ordinate by a certain value�. Lines h� -j� correspond to the transitions
between the Ho3+ energy levels marked in lower inset of Fig. 7. The
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variation in the shape and width of the lines with tempera-
ture. Owing to the finite linewidth �H, a noticeable absorp-
tion can be observed in the region �Hij −�H, Hij +�H�; there-
fore, wide asymmetric lines have been observed when the
derivative �Eij /�H is small.

To calculate the resonance absorption spectra we used two
different approaches. First, we found the resonance fields Hij
at which the condition Ej −Ei=�c /� was satisfied, then cal-
culated the integrated intensities of the absorption lines at Hij
by Eq. �4� at g�E�=1, and, finally, “smeared” the absorption
intensity according to the experimental g�E� line shape.
Within the second method, the matrix elements 	i�J��j
 ap-
pearing in Eq. �4� were calculated at various values of H
with a small step �H=0.01 T for each pair of levels i and j,
then multiplied by the Boltzmann factor and the g�E� func-
tion; the latter takes into account the proximity of the energy
difference Ej −Ei to the resonance condition. In most cases
�in the absence of the “quasiresonance” absorption�, the re-
sults obtained by the two methods practically coincide. The
second method, which is more sensitive to the g�E� line
shape, was used to calculate the absorption line intensities
for transitions between the crystal field split levels whose
energies are very close to �but do not exactly meeting� the
resonance condition Ei−Ej =�c /� �quasiresonance absorp-
tion� and whose matrix elements are large.

Taking into account the pulse duration in our experiments
we consider the magnetization regime as being close to adia-

batic for the upsweep and intermediate for the downsweep.
Analyzing the experimental data we thus have to take into
account the magnetocaloric effect �MCE�. However, the tem-
perature change is small enough for singlet paramagnets at
intermediate filed and low temperatures, where the suscepti-
bility ��T�H=0 changes weakly. We estimated the MCE in the
magnetic field H � �001� using the experimental magnetic
data for the HoBa2Cu3O6.3 crystal.10 At start temperatures 4.2
and 20 K, the crystal heating is within �2–3� K in fields
below 10 T and does not exceed 8 K at the maximum field.

V. DISCUSSION OF RESULTS

A. Crystal field parameters and the electronic structure
of the Ho3+ ion

To calculate the Zeeman effect and the resonance absorp-
tion spectra we first analyzed the available information on
the CF for the HoBa2Cu3Ox compounds. The CF parameters
for the family of layered perovskites RBa2Cu3Ox were first
predicted using the superposition model for compounds with
various R ions and different oxygen content,21 and subse-
quently refined in numerous experimental studies. In most
cases, an experimental information on the CF splitting of the
ground multiplet was provided by the inelastic neutron-
scattering �INS� measurement,3–6 the splitting of the excited
multiplets by the infrared absorption studies.7–9

The HoBa2Cu3Ox compounds with various oxygen con-
tents were studied in detail using the INS.3–5 The J mixing as
well as the intermediate coupling, neglected in earlier CF
studies,3,4 was taken into account in Ref. 5. Within the op-
erator equivalent formalism described in Sec. IV, neglecting
the J mixing as well as the intermediate coupling, this set of
CF parameters �set 3� had to be modified to account properly
for the experimental CF splitting.10 The resulting CF param-
eters �set 2 in Table I� are used in the following. We note that
the set 1 is very close to the CF parameters available for
DyBa2Cu3O6.0.

22 It is interesting that parameter B2
0 has dif-

ferent values in sets 1 and 3; its value in set 3 is in better
agreement with the experimental value of the magnetic an-
isotropy at high temperatures.

The INS data on the tetragonal HoBa2Cu3O6.0 show that
the Ho3+ ground state is a singlet and the first excited state is
a doublet at about 14 K.3–5 The evolution of the INS spectra
with the oxygen content x demonstrates that the doublet
splits into singlets in the orthorhombic compounds �x�6.4�
and the splitting increases with increasing x. The principle
features of the INS spectra can be rather well described in
terms of the magnetic dipole matrix elements within the te-
tragonal symmetry CF eigenstates. At the same time our
magnetic data indicate that the available CF analyses require
further refinement.10 This is particularly true for the wave
functions calculated using the best-fit CF parameters derived
from the available INS spectra.3–5 Though these wave func-
tions describe the transition intensities adequately, this solu-
tion seems not to be unique.

The calculated splitting of the energy levels of the Ho3+

ion �five lower levels� in HoBa2Cu3O6 for the CF parameters
from Ref. 10 �the set 2 in Table I� in the magnetic field
oriented along the �001� axis is shown in Fig. 7. At H=0, the
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CF component and molecular field from the Cu2+ subsystem �HCu

=1.5 T, full thin curve 1��. The calculated positions of the absorp-
tion lines are marked by an arrow in the experimental spectra.
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total splitting of the ground J multiplet of the Ho3+ ion is
about 900 K �74 meV� in both the tetragonal and orthorhom-
bic structures. For these CF parameters, the lowest singlet
and doublet levels are separated by a gap of about 14 K, in
accordance with the experiment, and their wave functions in
the �J ,Jz� representation have the form −0.52�6
−0.48�2

+0.48�−2
+0.52�−6
� and 0.62��7
+0.75��3
+¯�
�Table II�.

The ground-singlet energy decreases weakly in the mag-
netic field H � �001� while the first excited doublet is strongly
split. As a result, the lower component of the split doublet,

which has a large �Mz
 magnetic-moment component, ap-
proaches and crosses the ground singlet in the critical field
Hc=4 T. In terms of the Hamiltonian used, a gap between
the crossed levels is absent at the crossover for a magnetic
field oriented strictly along the �001� axis, and the gap is
small �less than 3 K� for a field deviation not exceeding 10°
�low inset in Fig. 7�.

The level crossing without a gap should be accompanied
by pronounced anomalies in the M�H� and dM /dH�H�
curves at low temperatures. Pronounced magnetic anomalies
in high magnetic field due to the crossover have been ob-
served experimentally in a number of tetragonal R zircons
including the holmium vanadate HoVO4.23 The magnetic
anomalies in HoBa2Cu3Ox near level crossing were expected
to be somewhat less pronounced in a comparison to the
vanadate since the energy of the singlet state is in our case
characterized by a stronger field dependence dE1 /dHz=0.87
near Hc. The noticeable contribution of the ��6
 states to the
wave function of the ground singlet leads to a faster increase
in the magnetization for the case of H � �001� in fields below
Hc. However, the expected pronounced magnetic anomalies
were absent in the HoBa2Cu3Ox �x�6.3� data.10

A finite gap near the critical field Hc is known to smooth
noticeably the magnetic anomalies in real crystals. The pres-
ence of the gap can be ascribed to additional interactions, not
included in Hamiltonian, Eq. �1�, properly mixing the tetrag-
onal symmetry wave functions of the interacting levels. Tak-
ing into account the symmetry of the lowest energy eigen-
states we discuss in the following interactions, which could
possibly lead to such a mixing. The corresponding Hamil-
tonian should contain the operators Jx or Jy �or odd powers
of these operators�, mixing strongly the components ��6

and ��7
 as well as the components ��2
 and ��3
 of the
lowest energy eigenstates.

We consider two interactions possessing the required
symmetry properties. First is a strong local symmetry lower-
ing at the Ho3+ site due to a disorder in the oxygen sub-
system. It is to be noted that the orthorhombic CF terms,
described by even powers of Jx and Jy, do not mix the wave
functions of the singlet and doublet and thus change only
weakly the magnetic properties of HoBa2Cu3Ox along the
hard axis.

The monoclinic component B2
1O2

1 strongly mixes the wave
functions and decreases the magnitude of the anomaly in the
�c�T� and dM /dH�H� curves, bringing results of calculations
closer to the experiment.10 This term, written as �JzJx
+JxJz� /2 in the operator equivalent notation, can appear if
oxygen atoms in oxygen deficient planes are not completely

TABLE I. Various sets of the CF parameters for RBa2Cu3Ox in the operator equivalent formalism.

Compound
B2

0

�K�
B2

2

�K�
B4

0

�K�
B4

2

�K�
B4

4

�K�
B6

0

�K�
B6

2

�K�
B6

4

�K�
B6

6

�K� Ref.

DyBa2Cu3O6 183 −275 1313 21.6 583 22

HoBa2Cu3O6 Set 1 240.5 −331.2 1499 39.6 1296 3

HoBa2Cu3O7 Set 1o 241 104 −317 22 1465 40 −25 1211 −17 4

HoBa2Cu3O6 Set 2 40.3 −298 1643 39.6 1296 10

HoBa2Cu3O6 Set 3 40.7 −49.1 2043 2.7 952 5
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FIG. 7. Zeeman effect in the HoBa2Cu3O6 crystal for the mag-
netic field directed along the tetragonal axis as calculated disregard-
ing the pair interactions. The dotted lines show the effect of the
monoclinic �upper panel, B2

1=120 K� and orthorhombic �lower
panel, B2

2=40 K� CF components as well as the molecular field
from the Cu2+ subsystem �upper inset, HCu=1.5 T� and small mag-
netic field deviation out of the tetragonal axis �lower inset, ��
=10°�. The allowed transitions between the energy levels of the
Ho3+ ion at wavelengths 871 and 305 �m �f =344 and 984 GHz;
lower panel �E1=16.4 K, lower inset �E3=46.8 K� and wave-
lengths 406 and 118 �m �f =739 and 2540 GHz; upper panel
�E2=35.2 K K, upper inset �E4=121.0 K� correspond to the ab-
sorption lines shown in Figs. 2–5.
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ordered. In contrast to the higher order CF parameters the
second order parameters B2

0, B2
2, and B2

1 contain a significant
contribution from distant ions, far from the coordination
polyhedron. The distribution of this very low-symmetry field
is accidental across the crystal so the parameter B2

1 can vary
in sign and value from one site to another; however an av-
eraging over the crystal can result in a nonzero effect �see
below�. It is important to note that the CF parameter B2

1

=120 K, well describing the magnetic properties10 and com-
parable in value with the B2

0 parameter, shifts or splits very
weakly, within 2–4 K, the energy spacings �except for the
doublet at 720 K� but mixes strongly the wave functions of

the lowest levels and thus changes significantly the magnetic
properties of the examined Ho cuprate at low temperatures.

The second interaction, which could account for the ab-
sence of the pronounced magnetic anomaly, is the molecular
field at the Ho3+ site arising from the magnetically ordered
Cu2+ subsystem. Our analysis shows that the molecular field
HCu�1.5 T in the basal plane would bring the curves �c�T�
and dM /dH�H� along the hard axis �001� significantly closer
to the experimental ones. Such molecular field is incompat-
ible with the simple two sublattice antiferromagnetic struc-
ture without defects.18–20 According to symmetry arguments
the contributions to the effective fields at the rare-earth site
from two Cu2+ sublattices cancel each other in the case of the
collinear magnetic structure. The effective field can appear
either for a magnetic structure with canted Cu2+ magnetic
moments or, as in the case of R2CuO4, at a magnetic phase
transition accompanied by a change in the magnetic
structure.24 It is known that the long antiferromagnetic order
in the Cu2+ subsystem destroys quickly and transform into
the spin-glasslike state when oxygen content increases above
6.4.18 The model when the local molecular field HCu is ori-
ented accidentally in the �x-y� plane results in a nonzero
contribution to magnetic properties along the tetragonal axis.
Its contribution to the magnetic properties in the basal plane
cancels out.

B. Microwave absorption spectra

The Zeeman effect calculations for the magnetic field
H � �001� using Eq. �1� were used to analyze the experimental
MW absorption spectra of the HoBa2Cu3O6 crystal at studied
wavelengths. The energy-allowed transitions between the
low-lying levels at the wavelengths 871 �m and 305 �m
��E1=16.4 K, �E3=46.8 K� and the wavelengths
406 �m and 118 �m ��E2=35.2 K, �E4=121.0 K� are
shown by the vertical bars of corresponding lengths in the
lower and upper panels of the Fig. 7, respectively. Only tran-
sitions whose relative intensity is at least 3% of the intensity
of the main line are indicated. Note that the transitions in the
tetragonal CF for a number of the experimental lines
�c� ,d�� , f� ,h� ,h�� ,k��� are symmetry forbidden—the wave func-
tions of the relevant states i , j have no components that are
mixed by the operator Jx �see Table II�. However, these lines
have the noticeable intensity when the CF Hamiltonian in-
cludes the monoclinic and/or orthorhombic components as
well as the molecular field HCu=1.5 T from the ordered
Cu2+ subsystem.

The orthorhombic component is responsible for the no-
ticeable splitting of the first excited doublet �the dotted lines
in the lower panel of Fig. 7, B2

2=40 K�, whereas the mono-
clinic component and molecular field lead to the appearance
of a noticeable gap between the crossing levels near the
crossover field Hc �the dotted lines in the upper panel and
inset of Fig. 7, B2

1=120 K, HCu=1.5 T�. The number of the
energy-allowed transitions between the low-lying levels of
the Ho3+ ion is smaller for the field orientation H � �100� �not
shown in Fig. 7�.

At the wavelength of 871 �m, two absorption lines are
expected; they correspond to transitions between the crossing

TABLE II. Energies Ei and wave functions �i
 of the lower lev-
els of the Ho3+ ion in the layered perovskite structure calculated for
the set 2 of the tetragonal CF parameters and with inclusion of
various low-symmetry CF components.

Ei

�K�
�i
= �

M=8

−8

CM�M


Tetragonal CF, set 2

0 −0.52�6
−0.48�2
+0.48�−2
+0.52�−6
�
14.0 0.62�7
+0.75�3
−0.16�−1
−0.16�−5
�
14.0 −0.16�5
−0.16�1
+0.75�−3
+0.62�−7
�
58.4 0.36�8
+0.60�4
+0.08�0
+0.60�−4
+0.36�−8
�
62.1 0.37�8
+0.60�4
−0.60�−4
−0.37�−8
+¯�

Set 2, B2
2=40 K

0
�−0.51�6
−0.48�2
+0.48�−2
+0.51�−6
�+ �
−0.02�8
−0.03�4
+0.03�−4
+0.02�−8
+¯��

12.6
�−0.44�7
−0.53�3
+0.12�−1
+0.12�−5
�+ �0.13�5


+0.13�1
−0.53�−3
−0.44�−7
��

15.7
�0.44�7
+0.53�3
−0.11�−1
−0.10�−5
�+ �−0.10�5


−0.11�1
+0.53�−3
+0.44�−7
��

Set 2, B2
1=120 K

−0.7

�−0.51�6
−0.47�2
+0.47�−2
+0.51�−6
�+ �
−0.09�7
−0.10�3
+0.02�−1
+¯�+ �0.02�1
−0.10�

−3
−0.09�−7
+¯�+¯�

13.4

�0.44�7
+0.53�3
−0.12�−1
−0.11�−5
�+ �0.11�5

+0.12�1
−0.53�−3
−0.44�−7
�+ �0.03�6
+0.02�2


+0.02�−2
+0.03�−6
�+¯�

14.4

�0.43�7
+0.52�3
−0.11�−1
−0.11�−5
�+ �−0.11�5

−0.11�1
+0.52�−3
+0.43�−7
�+ �0.03�6
+0.02�2


+0.02�−2
+0.03�−6
�+¯�

Set 2, HCu=1.5 T

−1.9

�−0.49�6
−0.46�2
+0.46�−2
+0.49�−6
�+ �
−0.14�7
−0.17�3
+0.04�−1
+0.05�−5
�+ �−0.05�5


−0.04�1
+0.17�−3
+0.14�−7
�+¯�

13.7

�0.44�7
+0.53�3
−0.12�−1
−0.11�−5
�+ �−0.11�5

−0.12�1
+0.53�−3
+0.44�−7
�+ �0.02�6
+0.01�2


+0.01�−2
+0.02�−6
�+¯�

15.4

�−0.41�7
−0.50�3
+0.11�−1
−0.10�−5
�+ �
−0.10�5
−0.11�1
+0.50�−3
+0.41�−7
�+ �0.17�6


+0.15�2
−0.15�−2
−0.17�−6
�+¯�
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levels and are located on either side of a crossover field Hc
=4.2 T. Higher photon energy allows to probe transitions to
higher exited levels. At wavelengths 406, 305, and 118 �m,
transitions from two quasidegenerate levels near Hc to the
second, third, or fourth exited levels results in double lines
�d� ,d���, �h� ,h���, and �k� ,k���, respectively �Figs. 3–5�. We note
that transitions from excited levels at more than 30–50 K,
weakly populated at temperatures below 30 K, give rise to
weak absorption lines in the MW absorption spectra �lines
f� ,g� , j� , l��.

The calculated absorption spectra of the HoBa2Cu3O6
crystal for the field H � �001� at the studied wavelengths �see
lower panels of Figs. 2–5; positions of the experimental reso-
nance lines a� -l� are shown by the dashed vertical lines� allow
us to explain the main features of the experimental spectra.
The relative intensity, position, and width of the principle
absorption lines are satisfactorily described in terms of the
tetragonal CF �solid lines in Figs. 2–5�. The field positions of
the experimental lines are systematically higher at low tem-
peratures �compare absorption lines a� and b� in the experi-
mental and calculated spectra at 4.2 K in Fig. 2�. At higher
temperatures, the experimental absorption lines a� and b�
move slightly to lower field and the difference decreases.
This effect can be at least partly attributed to the magnetic
relaxation in the pulsed field.

At the same time there is a number of lines in the experi-
mental spectra �lines c� ,d�� , f� ,h� ,h�� ,k���, which are forbidden
in the tetragonal symmetry picture. The appearance of these
lines can be attributed either to the effect of the lower sym-
metry CF components or to an uncompensated exchange
field from the ordered Cu2+ subsystem, in both cases caused
by disorder in the oxygen subsystem. This assumption is
confirmed by the fact that forbidden line c� is more intense in
the crystal with x=6.3 �Fig. 6�, for which disorder in the
oxygen subsystem is known to be more pronounced.25

We analyzed in detail the effect of the low-symmetry CF
components on the resonance absorption in the HoBa2Cu3O6
crystal, namely, the B2

1 monoclinic and B2
2 orthorhombic

components. Certain absorption lines �lines c� ,d�� ,h� ,h�� ,k���
appear in the MW spectra only due to the finite B2

1 mono-
clinic CF component. For most cases, the molecular field
HCu causes the same effect. This is dictated by the character
of the wave functions for the energy levels i and j involved
in the transition �see Table II�. We note that the magnetic
field deviation ��=10° from the tetragonal axis results in the
similar effect as the presence of the monoclinic CF compo-
nents �thin lines in Figs. 2–5�. The orthorhombic CF compo-
nents also cause the appearance of additional absorption
lines �i.e., lines f�� and can change strongly the intensity of
main absorption lines. The value and sign of the change de-
pends on the value and the orientation of the local ortho-
rhombic deformation axis along the 	100
 or 	110
 tetragonal
axis as well as on the sign of the B2

2 component.
The numerical simulation of the absorption spectra really

indicates that the absorption line c� of noticeable intensity
appears at B2

1�120 K. Its intensity slightly increasing with
the increasing parameter B2

1 in the range 120–170 K �com-
pare curves 1m and 2m at B2

1=120 K and 170 K, respec-
tively, in the low panel of Fig. 6� while the intensity of the

absorption line a� decreases by a factor of 5 in this range. The
inclusion of the molecular field HCu influences similarly, re-
sulting in the noticeable absorption line c� �curve 1�, HCu
=1.5 T in Fig. 6�. The numerical simulation reveals also the
appearance of forbidden lines d�� and f� of a noticeable inten-
sity at the wavelength of 406 �m due to the monoclinic and
orthorhombic CF components, respectively �respective lines
1m and 1o in Fig. 3�. The double line h� , h�� in the absorption
spectra at wavelength 305 �m �Fig. 4� is due to the mono-
clinic CF component. Similar calculations for the absorption
spectra at wavelength 118 �m �Fig. 5�, considering the low
symmetry CF components, account for the appearance of the
line k��, a satellite to the line k� .

Analyzing the tetragonal symmetry forbidden lines in the
experimental absorption spectra we focus on the contribution
of the second-order orthorhombic and monoclinic CF terms
B2

2O2
2 and B2

1O2
1, respectively. We discuss qualitatively the

average effect of these components in the absorption spectra
at 871 �m for the HoBa2Cu3O6.3 crystal as compared to the
HoBa2Cu3O6 crystal. We note that, there are four different
orthorhombic deformations of a tetragonal crystal for a given
value �B2

2�, equivalent to the elongation/compression along

the �100�, �010� or the �110�, �11̄0� axes. The deformations
along the �100� and �010� axes differ by the sign of the B2

2

component; the deformations along the �110� and �11̄0� are
equivalent to the former in the system rotated on 45° around
of the z axis. Similarly, the monoclinic deformation for a
given value �B2

1� may be oriented in the xz or x�z planes.
The orthorhombic deformation along the �100� and �010�

axes �upper panel of Fig. 8, curves 1o+ and 1o−� or the �110�
and �11̄0� axes �not shown in Fig. 8� decreases noticeably
the absorption intensity and moves the line a� to the lower
field H�0.4 T. The effect of the B2

2 is nonlinear and in-
creases sharply for B2

2�50 K. Averaging in sign and orien-
tation of the B2

2 component leads to the peak 1o which is
wider and less intense compared to the peak 1 calculated
neglecting the low-symmetry components. We note that dif-
ference E2−E1=�c /� for line a� does not exactly satisfy the
resonance condition at large values of the B2

2 and B2
1 param-

eters but is rather close to it. Therefore, absorption remains
significant because of the finite linewidth. In this case, the
absorption spectra should be calculated without searching for
a resonance field �the above-mentioned second method�.

Similarly, the monoclinic deformation B2
1=120 K in the

xz or x�z planes decreases the absorption intensity and moves
the line a� to the lower field resulting in the average curve 1m
�lower panel of Fig. 8�. Moreover, this deformation gives
arise a weak line c� near H�3.0 T; its dependence on the B2

1

value is discussed above �lower panel of Fig. 6�. The effects
of the monoclinic �B2

1=120 K� and orthorhombic �B2
2

= �40 K� components are not additive �lower panel of Fig.
8�.

The absorption line b� reveals also the noticeable widening
when the low-symmetry B2

2, B2
1 components are included. In

accordance with the Zeeman effect �Fig. 7�, the component
B2

2= �50 K influences weakly the position of the absorption
line b� near H=14 T �inset to Fig. 8, curve 1o� while the
component B2

1=160 K moves this line to the lower field
�curve 1m�. Thus, the origin of the broad and weak absorp-
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tion lines a� ,b� ,c� in the experimental spectra of the
HoBa2Cu3O6.3 crystal in the field H � �001� in the range 0–2 T
�Fig. 6� can be qualitatively explained considering an impact
of the oxygen disorder, giving arise the orthorhombic and
monoclinical symmetry terms in the CF Hamiltonian as well
as the finite molecular field at the Ho3+ sites.

VI. CONCLUSIONS

We have shown that the magnetic behavior of
HoBa2Cu3Ox crystals �x�6.0,6.3� at low temperatures is not

entirely consistent with predictions of a model based on the
tetragonal symmetry CF at the Ho3+ sites. A number of reso-
nance absorption lines at the wavelengths 871, 406, 305, and
118 �m �f =344, 739, 984, and 2540 GHz�, resulting from
the transitions between low-lying energy levels of the Ho3+

ion, are observed in the layered perovskite HoBa2Cu3O6 in
the presence of the magnetic field oriented along the tetrag-
onal axis. The positions and intensities of the tetragonal sym-
metry allowed absorption lines for the crystal with x=6.0 are
adequately described in terms of the available CF param-
eters. However, the symmetry forbidden absorption lines in
our MW absorption spectra as well as the earlier magnetic
data10 can be explained only when we allow for the low-
symmetry interactions, namely, the second-order terms of the
monoclinic and orthorhombic CF or the Cu-Ho exchange
field in the basal plane. These terms are absent for the ideal
crystal and magnetic structures but might arise due to some
disorder in the oxygen subsystem or a deviation of the Cu2+

magnetic moments from the simple collinear structure. The
effect of the low-symmetry CF components is more pro-
nounced in the absorption spectra of the crystal with x=6.3
revealing the increased oxygen disorder.25

Low-symmetry fields and inhomogeneities of one-ion and
pair interaction parameters, i.e., the crystal field, exchange,
and quadrupole parameters are inherent in many complex
magnetic compounds. The layered perovskites RBa2Cu3Ox
may be considered as model family where the fluctuations of
the crystal field are effectively controlled by the disorder in
the oxygen subsystem. Our present study demonstrates that
the MW absorption measurements in high magnetic fields
provide a useful experimental tool to examine the low-
symmetry interactions. Concluding we note the effects simi-
lar to those we studied in HoBa2Cu3Ox are likely present in
other related cuprates26 in which the magnetic behavior is
not entirely consistent with the electronic structure of the
rare-earth ion in ideal crystallographic structure.
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FIG. 8. MW absorption spectra of a HoBa2Cu3Ox crystal in a
pulsed magnetic field directed along the tetragonal axis at T
=4.2 K and a wavelength of 871 �m �f =344 GHz� that were cal-
culated for set 2 of CF parameters without �solid line 1� and with
inclusion of the orthorhombic deformation along the �100� and
�010� axes �upper panel, B2

2=50 K—curve 1o+,
B2

2=−50 K—curve 1o-, and �B2
2�=50 K—curve 1o�, monoclinic

deformation in the xz and x�z planes �lower panel, B2
1=160 K,

curve 1m� and the combined effect of the monoclinic and ortho-
rhombic deformation �B2

1=120 K, B2
2= �40 K, curve 1om�.
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