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Experimental observations and theoretical analysis allow for under-
standing of the extremely anisotropic magnetic properties of compounds
ErRusSi; and PrRusSi;. The presented here calculations for TmRusSis
and YbRu»Sis reveal that their properties are quite different from those
of the Er and Pr compounds. We have found that a low-temperature or-
dering of YbRu»Si> and a weak ferromagnetism (T¢ ~1K) of TmRusSis
can be obtained by using crystal-field parameters directly recalculated from
ErRusSis and PrRusSis. Moreover, an effect of the temperature-dependent
rotation of the easy magnetic axis in YbRuSi, is predicted.

PACS numbers: 75.10.Dg, 71.30.+h

1. Introduction

Magnetic properties of monocrystalline ternary compounds RRusSis
(R= Pr, Nd, Th, Dy, Ho, Er) are strongly anisotropic. Calculations of mag-
netocrystalline anisotropy for ErRusSis [1] and Pr RusSis [2] were performed.
A well-defined direction of the magnetic easy axis for these compounds was
not changing in the whole temperature range and the magnetocrystalline
anisotropy was significant. The direction and the value of the anisotropy
field in case of PrRusSis and ErRusSis depends on the crystal field (CEF)
that has similar values of the coefficients A;" for both compounds, but yields
the different directions of easy axes [1-3|. In this situation the results of the
similar calculations for TmRusSis and YbRusSis are surprising. We have
treated Tm3*+ and Yb3* ions in the same manner as the Er3* and Pr3+
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ions, but the obtained results are quite different from those for the Er and
Pr compounds. Our calculations provide the answer to the question: why
YbRusSis and TmRusSis have such low temperature of ordering (Ordering
temperature YbRusSis in not found and TmRusSiy exhibits a weak fer-
romagnetism (T¢ =~ 1 K) [6]. We have established that these properties
can be evoked by CEF parameters directly recalculated from ErRusSis and
PrRusSis. Moreover, an effect of the temperature-dependent rotation of the
easy magnetic axis in YbRusSis is predicted.

2. Outline of theory

Our approach bases on the crystal fields model, that points out that f
atoms partially preserve their atomic properties even becoming the full part
of a solid [8]. We have attributed the magnetic properties of TmRusSis and
YbRusSis to be predominantly due to the 4f'? and 4f'3 electronic system
of the Tm3*+ and Yb3™ ions respectively [4]. The used method is based on
according to the local symmetry of the surroundings of the R ions, which
leads to the tetragonal CEF+Zeeman Hamiltonian:

Hietea = BYOS(J, J.) + BYOY(J, J.) + BiO3(J, J.)
+BROY(J, J.) + BeOA(J, J,) + gspupd - Bexs

where B]" are CEF parameters, O;? are Stevens operators, gy is Landé
factor, Bext is the external magnetic field. The values of total momentum
quantum numbers J of the R ions are 6 and % for Tm?+ and Yb37 ions,
respectively. The details of the calculations of the magnetic properties are
explained in Ref. [9]. The main idea of the theoretical estimation of the
properties of the considered compounds is possibility of the selection of the
CEF parameters for the YbRusSis and TmRusSis according to parameters
established for ErRusSis and PrRusSis [1-3]|. Direct recalculation from it
base at the subtraction of the local-potentials coefficients A" according to
the formula:

Byt = A7 (riy) O,

where the <7'Zf> is average of n-power of radius of the 4f shell and 6,

are the scaling parameter, Stevens coefficients, dependent on the number
of 4f electrons. The values of 6, can be found in [7]. Coefficients A"
carry information of the potential of the local environment of rare ions in
the crystal structure. We assume that proper values of A]" should be similar
for the whole family of compounds RRusSis.
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3. Results for TmRu3Sis

The main properties of 3 lowest lying states are collected in Table I.
Independently of the used set of parameters (recalculated from ErRusSio
or PrRusSis), practically the same energy structure has been found: the

TABLE 1

Sets of CEF parameters for TmRu»Si> and YbRu»Sis together with the magnetic
characteristics of 3 lowest states. g.s. denotes the ground state, 15¢, 2" e.s. denote
the first and second excited states, (J,) and (J,) are the expectation values of z
and z components of the total angular momentum .J; K-doublet and nk-doublet
denote Kramers and non-Kramers doublet, d; and d, are energies of the excited
states with respect to the ground state, m(B) is the magnetic moment at 1 K in
the external field B.

PrRu,Si» ErRu,Si»
m m m m
nim B, A, B, A,
2|10 -22.0 K +867 Klag +1.6 K + 870 Klay"
4]0] +220 mK -88.2 Klap” -5.0 mK - 88 Klay”
60| -12 mK -11 Klag® -5 pK -0.5 Klag®
44| +200 mK -80.2 Kla,”® -45 mK -80 Klap”
6l4] -45 mK -39 Kla,”® -0.52 mK -50 K/ap®
Recalculated . Recalculated .
parameters Properties parameters Properties
BO=+6.0 K easy axis: [100] BO=+6.0 K easy axis: [100]
2 m,(6T)=0.00Lfion 2 m,(6T)=0.01/klion
m,(6T)=2.8L&lion m,(6T)=4.5L&lion
N | B2=-16.9 mK . B?=-16.9 mK )
'U_) 4 g.s.- Singlet 4 g.s. -Singlet
i< <J,>=<J,>=0.00. <J,>=<J,>=0.00.
0_ 0_.
= Bg=+256 UK | 1ste 5 K doublet B =+12 uK 1%e.s.- n-K dublet
x 01 =74 K (INS visible) 0, = 33.8 K (INS visible)
E B <J,>=+0.85, <J,>=0.00. 4 <J,>=+0.68, <J,>=0.00.
B, =-15.4 mK B, =-15.4 mK
- 2"e.s.- singlet 2"e.s.- singlet
0, = 222K (INS visible) 0, = 98.7K (INS visible)
Bg=+o_95 mK | <J,>=<J,>=0.00. Bg =+1.27 mK | <J>=<J3,>=0.00.
easy axis: [? ? 7] easy axis: [? ? 7]
0=+18.1 K ' 0=+18.4 K
B, m,(6T)=1.644fion B,=+18 m(6T)=1.45 f4fion
m(6T)=0.944sfion M(6T)=1.86 Lafion
o | Bg=+166 mK | mo(30T)=1.6744fion B;=+167mK | 45 K-doublet
175} M(30T)=1.78pfion <J,>=£1.39, <J,>=+1.05.
N g.s.- K-doublet st K.
03: BS=-6.12 MK |5 =11 63, <) >=2055. | BO=-0.292mK |17¢€s. K-doublet
8, = 24.9 K (INS visible)
o 1"es.- K-doublet <1,>=40.57, <J,>=£2.26.
>~ B“4=+151 mK 8, = 123K (INS visible) B4=+150 mK
4 <J,>=40.57, <J,>=42.28. 4 2"e.s.- K-doublet
2es e Oy sk vebh)
4_ - i 4_ 22>=12.00, <Jy>=11.0z.
Bg=229mK |8, =235K (INS visible)| B;=-30.4 mK
<J>=42.77, <J,>=%2.29.
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singlet ground state and a non-Kramers doublet as the 15 excited state.
Such configuration is hard to polarize magnetically by the mechanism found
in PrRusSis [1]. In the case of TmRusSiy the external field of 6T parallel
to the local x-axis (easy axis) induces only 0.4 of the Tm?* full moment of
Tug- Thus, according to us, this inactive singlet ground state is the reason
for the low-temperature ordering of TmRusSis.

4. Results for YbRusSis

For the Yb3t ion the recalculated CEF parameters yield the energy
scheme with intriguing properties. For both sets of CEF parameters the 1%
excited Kramers doublet has the opposite direction of the magnetic moment
than the Kramers-doublet ground state. Moreover, the moment of the ex-
cited state is much larger than that in the ground state (Fig. 1). Such a
situation causes rotation of the easy magnetic axis with the increasing tem-
perature from the direction [1 0 0 | (or [0 1 0]) to [0 0 1] when the excited
state becomes populated. The computer simulation of the influence of the
external magnetic field reveals the crossing of the magnetization curves for
different directions. It means that the easy magnetic axis changes with the
field. The rotation field Bgr depends on the chosen set of the parameters (re-
calculated from ErRusSis or PrRusSis). Such rotation of the easy magnetic
axis of the Yb?* ion prevents, the formation of the long-range magnetic
order in YbRu»Sis.

2.5
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o B B
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Fig. 1. Magnetization curves of YbRusSis in applied fields along 2 main directions.

Bg is the rotation field.
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5. Conclusions

Magnetic properties of TmRusSis and YbRusSis have been discussed.
Our results reveal the reason for the extremely low ordering temperature of
these compounds. The isolated singlet for TmRuySis and the rotating easy
axis in YbRugy Sis could be studied further, both theoretically and experi-
mentally. This work is only the starting point towards the understanding
these compounds. The final evaluation of the fine electronic structure of
these compounds will be possible once the inelastic neutron scattering for
TmRu,Sis and YbRusSiy are carried out.

Computations were performed with the help of the computer package
BIREC 1.5 for Windows developed by Center for Solid State Physics Ltd [6].
This work was supported by KBN, project no. 2 PO3B 134 22.
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