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Abstract—The crystal structure and magnetic properties investigations of holmium orthoferrite compound
HoFeO; were performed in temperature range 7—300 K. Obtained XRD data confirm that HoFeOj; retains
the orthorhombic perovskite structure of Pbnm space group. The crystal electric field (CEF) parameters of
Ho?" ion subsystem has been revealed numerically on the base of point charge model in the same temperature
range. By this set of parameters CEF the splitting of Ho>" energy levels was calculated and their temperature
evolution was obtained. Modelling of isothermal magnetization M(H) with obtained set of parameters was
carried out. Ho®>" single ion anisotropy due to CEF effects was demonstrated. Bulk magnetization evaluated

from CEF was compared to experimental data.
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1. INTRODUCTION

The unique magnetic properties of rare earth
orthoferrites RFeO; (R — rare earth element) family
arise as a result of complex interactions between the
moments of 3d and 4felectrons. Studies of these mag-
netic compounds began several decades ago [1]. It was
shown that crystal structure of all RFeO; compounds
is described by the Pbnm space group [2], and mag-
netic structures of the members of this family were
obtained by neutron powder diffraction [3]. According
to these studies, RFeO; compounds have rather high
Neel temperatures Ty ~ 600—700 K, below which the
magnetic moments of Fe are ordered antiferromagnet-
ically with a little tilt of the sublattices, that leads to
weak ferromagnetism. As the temperature decreases,
the role of the Fe—R interaction increases, and at
lower temperatures—below the reorientation transi-
tion temperature 73, which lays most often in the
range ~40—60 K—spin reorientation takes place. It
should be mentioned that there are no such transitions
for the non-magnetic ions R =Y, La, Lu [4]. Rare
earth subsystem with a relatively weak R—R interac-
tions is paramagnetic or weakly polarized by the
molecular field of ordered Fe ions at high temperature.

Magnetic sublattice of the rare earth becomes ordered
below Tyr ~ 5—10 K. The complex magnetic proper-
ties of the total RFeO; system arise due to the multi-
plicity of different exchange interactions. In addition
to the exchange interactions of the Heisenberg type
like Fe—Fe, Fe—R, R—R, an important role in deter-
mining the magnetic properties is played by the
Dzyaloshinsky-Moriya (DM) interaction [5, 6],
which leads to the tilting of magnetic sublattices and
causes the emergence of a weak ferromagnetic
moment.

Last years the interest to this family has increased
significantly due to the discovery of multiferroic prop-
erties in some compounds of this series. The appear-
ance of ferroelectricity in them at temperatures below
Twr Was predicted in the theoretical work [7] on the
basis of a symmetry analysis of the crystal structure of
these compounds. And indeed, in subsequent experi-
ments in DyFeO; and GdFeOs, the appearance of fer-
roelectric polarization below the ordering temperature
of the rare-earth subsystem was observed [8, 9]. How-
ever, later ferroelectric polarization was observed in
DyFeO; at relatively high temperatures—above Tgg
[10], and in some orthoferrites—SmFeO; [11], YFeO,
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Table 1. Unit cell parameters (A) within Pbnm space group

T, K a b c
7 5.2680(1) 5.5825(1) 7.5845(1)
20 5.2710(1) 5.5859(2) 7.5909(2)
40 5.2674(4) 5.5821(4) 7.5847(6)
60 5.2719(1) 5.5865(1) 7.5919(2)
100 5.2715(2) 5.5867(2) 7.5925(3)
200 5.2746(1) 5.5884(1) 7.5961(2)
300 5.2778(1) 5.5908(1) 7.6016(2)

[12], LuFeO; [13] polarization was observed at room
temperature, which brings these compounds closer to
be used in high-tech devices. Macroscopic studies
demonstrate a strong influence of external fields on
the magnetic and/or ferroelectric properties of these
compounds. Thus, in DyFeO;, ferroelectric polariza-
tion is induced by the application of a magnetic field
[8]. The application of an external electric field in
compounds with R = Dy,;,Tbys, Dyy75Gdg s,
according to magnetization measurements [14], led to
the predominant orientation of domains with a certain
direction of the weak ferromagnetic component and,
thus, to the appearance of a macroscopic magnetic
moment at 7'< Tygr. In LuFeOs, the application of the
external magnetic field led to decrease in the residual
polarization in the ferroelectric hysteresis [13]. Also, a
noticeable effect of an external magnetic field on the
magnitude of electric polarization was observed in
TbFeO, [15].

It should also be noted that the orthorhombic
space group Pbnm (sometimes Pnma notation is used
for this group) is centrosymmetric and does not allow
spontaneous electrical polarization. In this regard, a
more in-depth study of both the magnetic and crystal-
line properties of RFeO; compounds becomes a nec-
essary element in the complex studies of the interac-
tions of magnetic and ferroelectric order parameters.

Neel temperature in holmium orthoferrite HoFeO,
is Ty = 647 K, below this temperature ordering of Fe
sublattice takes place within the representation I,
with configuration of magnetic moments GA,F,
where G, is the strongest component and £ is the weak
ferromagnetic component. At 7Tsz = 55 K spin reori-
entation transition takes place to the I'; phase with the
configuration 4,G,C,. Weak ferromagnetism is forbid-
den in this phase. At lower temperature—7gg, = 35 K
one more spin reorientation takes place, the iron mag-
netic structure turns to I', phase. In this case configu-
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ration looks like F,4,G, [16], where G-component still
is the strongest, that is F and G components changed
places. The multiferroic features in HoFeO; were
reported recently [17].

In the context of detailed studies of microscopic
mechanisms that lead to multiferroicity in these mate-
rials, research of the crystal field effects along with
magnetic investigations seems to be actual and rele-
vant area of research that could give new deeper
understanding about phenomena in RFeO; objects.

2. EXPERIMENTAL

High quality single crystals of HoFeO; have been
grown by the optical floating zone technique (FZ-4000,
Crystal Systems Corporation). They were used for
magnetic studies. The orientation and quality of the
crystals obtained was controlled using the Laue tech-
nique. For the samples for X-Ray measurements the
crystals were taken from the same batch and then were
crushed into powder. Powder X-Ray studies were per-
formed at the Rigaku SmartLab diffractometer at the
Petersburg Nuclear Physics Institute of NRC “Kurch-
atov Institute”. Measurements of the magnetic prop-
erties were carried out at the Krasnoyarsk Regional
Center of Research Equipment of Federal Research
Center “Krasnoyarsk Science Center SB RAS” on the
vibrating sample magnetometers Quantum Design
PPMS—9T and Lakeshore VSM 8604.

3. RESULTS AND DISCUSSION
3.1. Crystal Structure Refinement

For the crystal structure refinement, the measure-
ments at seven different temperatures were undertaken
in order to elucidate whether there are differences in
the crystal structure in different magnetically ordered
phases. Then Rietveld refinement was made with the
use of FullProf suite [18]. At all temperatures the dif-
fraction patterns obtained witness that crystal struc-
ture is of orthorhombic distorted perovskite type with
space group Pbnm (Table 1) without any noticeable
hint of a secondary phase (Fig. 1). Unit cell parame-
ters decrease smoothly with temperature decrease, as
expected. In this unit cell both the Fe and Ho atoms
occupy special positions 4b and 4c correspondingly.

The symmetry of the Fe position is 1 and ion Fe**
coordinated by distorted oxygen octahedron. Ho ions
are surrounded by ecight nearest-neighbor distorted
octahedra that provides local symmetry of Ho site 4¢
to be monoclinic C,. The results of position refine-
ment are shown at Table 2. It can be seen, that posi-
tions of Ho3" ions change slightly with temperature
decrease. At the same time the change of oxygen
anions position is much more noticeable, that lead to

JOURNAL OF SURFACE INVESTIGATION: X-RAY, SYNCHROTRON AND NEUTRON TECHNIQUES Vol. 16 No. 6 2022



CRYSTAL FIELD PARAMETERS AND MAGNETIC PROPERTIES CORRELATIONS

some noticeable changes in the surroundings of rare
earth ion. Nevertheless, in all cases the symmetry of
Ho site remains to be C..

3.2. Magnetization Studies

Figure 2a shows the temperature dependences of
the magnetization M(T) of HoFeO; measured at mag-
netic fields H =1, 10, 30 kOe in the temperature range
4.2—100 K. The magnetic field was applied along the ¢
axis of the crystal. Characteristic features on the M(T)
dependence measured at a field H = 1 kOe correspond
to the spin-reorientation transition in HoFeO; which
takes place at the temperature 55 K [28]. With an
increase of the magnetic field H, the magnetic
moments of iron sublattice are already polarized com-
pletely and the main contribution to the magnetiza-
tion is made by the magnetic moments of holmium,
while the magnetization monotonically increases with
decreasing temperature.

On the Fig. 2b are shown the field dependences of
the magnetization M(H) measured at several tempera-
tures in the range 4.2—100 K, i.e. above and below the
spin-reorientation transition temperature. It can be
seen the M(H) dependences become linear as the tem-
perature increases in the region of strong magnetic
fields, and the feature in the region of weak magnetic
fields is associated with the reorientation of the mag-
netic moments of iron. These results correlate well with
those reported in [ 19], and quite similar behavior of mag-
netization was observed in ErFeO; [20].

3.3. CEF Hamiltonian, Calculations,
Point-Charge Model

For evaluations of CEF parameters we consider
effective Hamiltonian
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Fig. 1. HoFeOj5 unit cell.

Hcgr :zBlmOlm’ (1)
I,m

where B," and O;" are Stevens coefficients and equiva-
lent operators respectively [22]. As mentioned above,
the Ho3" ions occupy the low-symmetry position C..
The point group C; consists of two elements of sym-
metry—identity transformation E and the mirror
plane G,,. In the coordinate system with z axis perpen-

dicular to G, there no equivalent operators O," with
odd m in expansion (1) [24]. Hence, we consider the

Hamiltonian with 15 independent B," parameters:

Table 2. Positional parameters for different temperatures of measurements

Ho, 4¢ Ol 4c 02, 8d
T, K
p y X y X y Z
7 0.9790(5) | 0.0693(3) | 0.0972(25) | 0.4446(23) | 0.6970(19) | 0.3186(20) | 0.0608(12)
20 0.9815(7) | 0.0714(4) | 0.0837(47) | 0.4974(38) | 0.7186(42) | 0.3029(39) | 0.0624(25)
40 0.9782(6) | 0.0702(3) | 0.0950(29) | 0.4317(27) | 0.7277(24) | 0.3561(21) | 0.0617(14)
60 0.9774(7) | 0.0712(4) | 0.1121(43) | 0.4802(40) | 0.7087(36) | 0.3227(34) | 0.0547(21)
100 0.9785(8) | 0.0694(5) | 0.1114(42) | 0.4538(45) | 0.6883(33) | 0.2945(37) | 0.0645(24)
200 0.9845(8) | 0.0687(4) | 0.1199(39) | 0.4577(41) | 0.6922(34) | 0.2957(37) | 0.0653(22)
300 0.9790(4) | 0.0680(3) | 0.0771(21) | 0.4788(19) | 0.6955(18) | 0.3442(17) | 0.0577(11)
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(@) (b)
42K

80 |- 10 K

100 K

i 1 1 1
0 20 40 60 80 100 0 20 40 60 80
T, K H, kOe

Fig. 2. Temperature dependence of the HoFeOj single crystal magnetization M(7) for 3 different external magnetic fields (a).
Field dependence of the HoFeO5 single crystal magnetization M(H) at different temperatures [28] (b).

Hegr = B0 + BXO? + B;?05> . For the quantitati\./e evaluation of CEF Hamilto-
0.0 5 5 5 44 4 nian here we use a point-charge model (PC) [21—-23].
* B0+ BiOy + B O + B0, + B O ) This is a pretty rough model [26, 27] which takes into
+ Bg 060 + 362 062 + By 206_ 4 Bg 02 account only Coulomb interaction and neglects possi-

" B6—4 06—4 n B66 066 + B6—6 06—6‘ ble screening qr Qrbltal hybrldlZﬁ"[lOH. But' for the ionic
crystals containing elements with localized 4f elec-

Table 3. Set of B/ parameters calculated from the PC model ~ Table 4. The energy levels of Ho?* obtained from PC model

T, K T, K

B’ mev 7 40 | 60 | 100 | 300 FomeV 7 40 60 | 100 | 300
B 0.931 136 L8| 077|023 g\ _5|E)| 000 | 000 | 000 | 001 | 016
B |x107'| 3.69| 255| 3.28| 270| 135 g\ |E) | 1834 | 1871 | 17.86 | 14.77 | 3.99
B;> —2.74 | =399 | —3.89 | =3.59 | =344 |E)) > |E;) | 1837 | 1871 | 17.88 | 14.82 | 435
Bf 0051 005! 0.06!| 005! 0.08 |E0> - |E4> 30.16 | 31.26 | 31.13 | 26.56 | 15.26
B 003 —037 | —018 | —0.08 | 0.26 | Ep) — | Es) | 30.34 | 31.34 | 31.27 | 26.77 | 15.97
B2 |x103| —083 | —102 | —L13| —116 | —1.45 | Ey) — | Eg) | 39.65 | 4250 | 43.09 | 37.62 | 23.62
B 040! 063l 050l o052l o |Eo)—|E;) | 40.01 | 43.06 |43.62 | 38.11 | 25.00
5 00| 16l 1es| 16| 104 |Eo) > |Es)| 4544 | 50.03 | 5103 | 44.55 | 29.26
| E)) = | Es) | 46.24 | 50.76 | 51.78 | 45.57 | 31.45

B IO 040010 040010 By | 4927 | 544 | sser | 497 | 33.45
B ~0.107) =010 ~0.10'} ~0.20 1 =0.30 |Eo) = | Ey) | 51.08 | 55.78 | 5710 | 49.25 | 36.34
By —0.401=0.301=0.301 =0.301 =040 g 15 )| 52.89 | 57.02 | 58.85 | 51.08 | 36.82
By |x107) 2001 2201 2301 2201 210 gy iy 57.82 | 60.28 | 62.49 | 5423 | 39.29
B 0.00 1 —0.80 | =0.301 =0.30/) 030 g} 5 |E,) | 58.86 | 60.73 | 63.41 | 55.14 | 39.34
B —0.20 | =0.20 | ~0.10 | =0.20 | =0.30 | £} — | Ej5) | 5949 | 64.87 | 65.15 | 55.74 | 45.96
B —0.60 | —0.40 | —0.40 | —0.30 | —0.10 | Ey)) — | Ey¢) | 60.04 | 64.99 | 65.53 | 56.29 | 45.98
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T=10K

gL ——B|!1100]
[010]
[001]

- —--B
----B

Fig. 3. Calculated magnetization of Ho*" ions according
to the crystal structure data at 7= 10 K.

trons it can provide a satisfactory estimation of the
CEF parameters.

For CEF calculations with the use of PC model we
utilized McPhase [23] and PyCrystalField [25] soft-
ware packages. In course of treatment we considered
neighboring ions within a sphere of radius 5.98 A, and
obtained set of parameters presented at Table 3. Here

one could pay attention on the By’ (m = =2, 0, 2)
parameters since they are responsible for the principal
terms of Hamiltonian (2) and in a great degree deter-
mine the splitting energy of ground state multiplet.
They show strong anisotropy of Ho magnetization that
is caused by interaction of rare-earth subsystem and
CEF, especially at low temperatures. One can pay

(@)

3.0 * BJ[001], exp
—— BJ|[001], PC .

B, T

1045

attention also to the significant difference in the value

of 322 at 60 K, i.e. in the vicinity of SR transition and
at other temperatures.

Crystal field parameters B" are responsible for the
splitting of the ground multiplet in the crystal field and
they are very sensitive to tiny displacements of the sur-
rounding atoms and certainly, to the change of local
symmetry. It is known, that single-ion anisotropy is
associated with the fact that the energy of a magnetic
ion, due to the splitting of orbital levels by the crystal
field, depends on the orientation of the orbital
momentum with respect to crystallographic axes, and,
consequently, due to the spin-orbit interaction,
depends on the orientation of the spin relative to these
axes. By the use of the set from Table 3, we obtained
CEF splitting of the ground /; multiplet of the 470

configuration of non-Kramers ion Ho>*. Our calcula-
tions clearly show that the CEF fully lifts the degener-
acy of the ground state multiplet into quasi-doublet
structure of the energy levels (Table 4).

CEF calculations of magnetization of Ho** subsys-
tem showed that it is strongly anisotropic with easy
plain ac (Fig. 3), the calculated dependence qualita-
tively repeats the experimentally measured one in
work [28].

In order to check the reliability of the obtained
parameters, the calculations of the bulk magnetization
along [001] direction were performed and then com-
parison of the calculated and measured dependencies
was made. The experimental and calculated magneti-
zation dependencies for 40 and 60 K are shown at the
Fig. 4 as example.

(b)
T=60K

40F « BJ[001], exp
| —— B [001], PC

M, pg/Ho™*
p— [\S]
wn o

—
o)
T

BT

Fig. 4. Comparison of calculated and measured magnetization along the ¢ axis of crystal (at 7= 40, 60 K).
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40 |

0 —

E, meV

20 LE,

7 20 40 60
T, K

100 200 300

Fig. 5. Temperature evolution of first seven energy levels
obtained from PC model (see Table 4). There can be seen the
quasidoublet series after the first excited energy level E;.

Ho?" ions magnetization obtained on the base of
PC model, reproduces well the measured experimen-
tal points, though definite disagreement can be seen.
This could be caused by a contribution of the Fe mag-
netic sublattice, and due to Fe—Ho interactions which
were not considered in simple PC model.

The Fig. 5 illustrates temperature dependence of
first excited energy levels obtained from PC calcula-
tions, which can reflect the significant changes in
Ho?" ion surrounding, especially near the SR tem-
perature at 55 K (see Table 2, positions of surrounding
oxygen ions).
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