Low temperature magnetic properties of single
crystal Van Vleck paramagnets LiTmF4 and
TmES
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Abstract. Lithium thulium fluoride LiTmF} is insulating Van Vleck paramagnet with the
giant magnetostriction. Magnetization of the tetragonal LiTmF, single crystal was measured
for the first time in the temperature range of 2-300 K and in the magnetic fields up to 55 kOe,
oriented both parallel and perpendicular to the C4 symmetry axis. Angular dependence of the
magnetization in the basal plane was studied in particular. The anisotropy of magnetization
in this plane was rapidly growing in high fields. Temperature dependence of the magnetization
in the orientation H|| [001] is nonmonotonic and reproduced very well by the calculation in the

framework of the crystal field theory. The results of calculation for the orientation HL (001]
with taking into account the magnetostriction effects also agree well with the experimental

data.

Susceptibility of single crystal Van Vleck paramagnet TmES was measured in the temper-
ature range 2-300K and in magnetic fields up to 5.5 kOe in the orientation HL [001]). Magnetic
field dependence of susceptibility was measured for the first time. Rather fast decrease of
susceptibility with the field increase is in agreement with the results of study of %Tm nu-
clear magnetic resonance spectra in TmES in recent works. TmES magnetic susceptibility is
calculated with taking into account the effects of intermediate coupling.

1 Introduction

A special class of solid state magnetics — Van Vleck (VV) paramagnets —
were subject for a study for a long time. Rather strong hyperfine interaction
makes these compounds interesting for study of electron-nuclear magnetism.
Magnetic field induced on the nucleus of the VV ion is many times larger than
applied field. So, the frequencies of the nuclear magnetic resonance (NMR)
in such compounds lay between usual NMR frequencies and the frequencies
of the electron paramagnetic resonance (EPR). Therefore, one can say about
so called ”enhanced” NMR. Intermetallic VV paramagnets usually have cubic
symmetry, while the majority of insulating VV paramagnets have the lower
symmetry. Therefore, they are characterized by the anisotfopy of magnetic

susceptibility and effective gyromagnetic ratio of nuclei of VV ion ([1}).



From the point of view of the experimentalist, VV paramagnetism means
that at high temperatures the magnetic susceptibility follows the Curie law,
while at low temperatures it becomes constant. This behavior is explained by
the absence of the magnetic moment of the ion in the ground state, i.e. the
ground electronic state is either singlet or nonmagnetic doublet.

VV paramagnetism most frequently occurs in crystals, containing non-Kramers
rare earth (RE) ions, i.e. RE ions with even number of electrons on unfilled
4f-shells (Pr3*, Eut, Tb**, Ho®*, Tm®"). Electrostatic crystal field (CF) lifts

the degeneracy of the ground multiplet 2°*'L;, and the typical Stark splittings
are of the order of 10-100 cm™'. These splitting energy is much larger than the
energy of the RE ion in the moderate magnetic fields. Therefore the Zeeman
effect can be taken into account using the perturbation theory, and the VV
paramagnetism appears in the second order of it.

Magnetic properties of the insulating VV paramagnets are studied rather
well in the range of low temperatures and moderate magnetic fields, when the
energies of the Zeeman interaction are much less than the energies of the Stark
splittings. The main methods of study of these compounds in these conditions
are magnetometry and enhanced NMR [1, 2, 3]. Further increasing of the
magnetic field violates the applicability conditions for perturbation theory. It
is difficult to say a priori, which effects will be displayed by these compounds
in high magnetic fields.

Polarized gaseous *He has the promising applications in medicine. One of
the possible methods for achieving the high-polarized liquid *He state would
be the transferring of the high-polarized state of magnetic moments in solid to
the nuclear spins of liquid *He via magnetic coupling. Magnetically-anisotropic
insulating VV paramagnets are rather promising compounds for study of mag-
netic coupling with nuclei of liquid *He. Strong anisotropy of NMR frequencies
~ allows one to make the resonance frequencies of nuclear spins and liquid SHe
to coincide, and observe the resonance magnetic coupling. Magnetic coupling
effects in such a compounds were observed in [4, 5] for the first time.

Present work covers the study of effect of high magnetic fields on magnetic
properties of insulating VV paramagnets thulium ethyl sulfate Tm(CyH5S04)3-9H,0
(TmES) and thulium lithium fluoride LiTmF,.



2 Experimental details

LiTmF, crystal for investigation was grown by the Bridgman-Stockbarger method
and was of a good optical quality. Samples for experiments were prepared from
this grown crystal. Orientation along the symmetry axis [001] was controlled by
the polarizing microscope, and the directions of [100] and [010] axes were found
using the X-ray diffractometer. Axes [100] and [010] are indistinguishable.
For the magnetization measurements the DC SQUID magnetometer MPMS by
Quantum Design was used. It is designed to measure magnetic moments up to
1.25 emu. Preliminary measurements of LiTmF}y in order to estimate the mag-
netic moment in maximal field suggested us to use a sample of about only 10 mg
in weight then measuring M to avoid the exceeding of the instrument’s range.
It is difficult to preserve the orientation of such a small sample. Therefore it was
decided to make the sample of the parallelepiped shape of 1.5%1.5%0.9 mm in
size. Larger face was normal to the sy‘mmetry axis [001] and was glued by epoxy
resin to the flat bottom of the sample holder, which was oriented parallel to
magnetic field. Increased area of the sample face which was glued to the sample
holder, allowed to better preserve correct orientation H_L [001]. In order to keep
sample free to change its size due to magnetostriction, only a small amount of
epoxy resin was used. The shape of the sample leads to increase of the local
field at Tm®t ions in the orientation H 1 [001] by 2%. Experimental results
were corrected by this value. In the measurements of the angular dependence
of M, , sample was rotated in (001) plane with an accuracy of £1°. Since at
liquid helium temperatures susceptibility x| is about 40 times smaller than x|,
a cubic sample of much larger mass (about 400 mg) was used in experiments in
the orientation H || [001].

Raw materials for growing of the TmES crystals were thulium oxide (purity
is 99.9%) and diethylsulfate (ethyl ester of sulfuric acid) (purity is 97%). The
thulium ethylsulfate solution was obtained according to the following reaction:

Tm;03+6(C2Hs)2S04+3H0 25 2Tm(CoH5804)3+6C,HsOH.
TmES single crystals were grown by free evaporation of the saturated solu-
tion at room temperature in a glass cup with flat bottom. The growing speed
was chosen by changing of effective evaporation area. TmES single crystals grew
as hexagonal prisms with axes along crystallographic axis c. Side faces corre-
sponded to a and b planes. To make the sample for measurement, the grown
—18—



crystal was filed to a spherical shape with preserving of its ¢ axis orientation.
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Figure 1: Magnetic field dependence of TmES susceptibility in the orientation
H 1 [001]. Temperature is 4.2 K. Symbols (=): experimental data; line (——):

result of calculation.

3 Results

3.1 TmkES single crystal

The following dependences of TmES susceptibility were measured in the orien-
tation H L [001]:

e temperature dependence in the range of 2-300 K
o field dependence in the range of 1-55 kOe at temperature 4.2 K.

Magnetic field dependence is presented on F ig. 1. At temperatures of liquid
helium in the orientation H L [001] the susceptibility is monotonically decreases.

Temperature dependence is presented on Fig. 2. In accordance with the
results of calculations in the earlier work [6], the experiments on TmES in
present work showed that magnetization below 8 K is temperature-independent.
This is the distinctive feature of Van Vleck paramagnets.
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Figure 2: Temperature dependence of TmES susceptibility in the orientation
H 1 [001]. Magnetic field H=1 kOe. Symbols (m): experimental data; line

(——): result of calculation.

3.2 LiTmF, single crystal

The following dependences of LiTmF; magnetization were measured in the
orientation H_L [001]:

e temperature dependences in the range of 2-300 K in two orientations of

the sample in (001) plane

e field dependences in the range of 0.1-55 kOe in two orientations of the
sample in (001) plane at temperature 4.2 K

e angular dependences in (001) plane at 4.2 K in strong and weak magnetic
fields.

These measurements were performed using the small sample of 10 mg mass. Be-
side this, the temperature dependence in the range of 2-300 K in the orientation
H || [001] was measured with a larger sample of mass about 400 mg.

The angular dependences of magnetization M in various magnetic fields are

presented on Fig. 3, where the maguetic field direction is defined by the angle
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Figure 3: Angular dependences of LiTmF,; magnetization at various magnetic
fields H 1 [001]. Temperature is 4.2 K. Symbols (e): experimental data; lines
(—): results of calculation. In all the cases the experimental points which
are nearest to the calculated curve were obtained at the same field as this curve

was calculated for.

¢, measured from the crystallographic axis [100]. Maximum magnetic field
used was 55 kOe. One can see that magnetic anisotropy in (001) plane rapidly
increases with magnetic field. Maximum and minimum of M, are reached at
angles Y= (e, ~12.5°+90°-n and =Y ~57.5°+90°-n, respectively.

The field dependences are presented on Fig. 4. At the temperatures of the
liquid helium in the orientation H L [001], ¢¥ma, the susceptibility is growing
with field and the maximum is reached at field of -about 43.5 kOe. While in
the orientation H L [001], ¢msn it decreases monotonically. In this direction the
crystal behaves as if there is no magnetostriction.

Experiments showed that in the orientation H || [001] susceptibility is inde-
pendent on magnetic field up to 55 kOe.

Temperature dependences were measured in three orientations: in (001)
plane for ¢ = ., and Y= ;,. i.e. in the orientations of maximum and mini-

mum susceptibility in this plane, and in the orientation H|[[001]. In accordance
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Figure 4: Magnetic field dependences of LiTmF; magnetization in the orienta-

tion H_L [001]. Temperature is 4.2 K. Symbols correspond to the experimental

data; (=): ¢ = 57.5% (--e--): ¢ = 12.5°. Lines are results of calculation; (—):

@ = 57.5% (- - - -): ¢ = 12.5°. In the experiment the maximum susceptibility
X is reached at field ~43.5 kOe for ¢ = 12.5° (shown on the inset).
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Figure 5: Temperature dependences of LiTmF, magnetization in the orientation



H 1 [001], ¢ = 12.5°. Symbols correspond to experimental data; (e): H=55 kOe;
(w): H=30 kOe. Lines are the results of the calculation; (——): H=55 kOe;
(- - - -): H=30 kOe.

with the results of calculations for dilute crystals ([7, 8]), the experiments on
LiTmF4 in present work showed that magnetization below 8 K is temperature-
independent (Fig. 5 and 6). This temperature independence shows that there
is only an insignificant amount of impurities, i.e. sources of conventional para-
magnetism in the sample.

In the orientation H || [001] temperature dependence of magnetization is
nonmonotonic (Fig. 7). This is a frequently displayed feature of Van Vleck
paramagnets in the orientation of the minimal susceptibility, since magnetic

ions in the excited CF states usually have larger magnetic moments.

4 Conclusion

Susceptibility of the single crystal Van Vleck paramagnet TmES was measured
in the temperature range 2-300K and in magnetic fields up to 5.5 kOe. Mag-
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Figure 6: Temperature dependences of LiTmF, magnetization in the orientation
Hl [001], ¢ = 57.5°. Symbols correspond to experimental data; (e): H=55 kOe;
(m): H=30 kOe. Lines are the results of the calculation; (——): H=55 kOe;

(- - - -): H=30 kOe.
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Figure 7: Temperature dependence of LiTmF; magnetization. H || [001],

H=1 kOe. Symbols (e): experimental data; line ( ): result of calculation.

netic field dependence of susceptibility was measured for the first time. Rather
fast decrease of susceptibility with the field increase is in agreement with the
results of study of *®Tm NMR spectra in TmES in [9, 10]. TmES magnetic
susceptibility is calculated with taking into account the effects of intermediate
coupling. This allowed to improve the agreement between calculated and ex-
perimental temperature dependences of TmES susceptibility in comparison to
the work [6)].

Magnetization of the single crystal Van Vleck paramagnet LiTmF, was mea-
sured for the first time in the temperature range of 2-300 K and in the magnetic
fields up to 55 kOe oriented both parallel and perpendicular to the C4 symme-
try axis. The anisotropy of the magnetization in the basal plane was rapidly
growing in high fields, which is in agreement with the recent results of the mea-
surements of the angular dependence of effective gyromagnetic ratio of 1°Tm
nuclei in LiTmF, in high fields in work [11]. Temperature dependence of the
magnetization in the orientation H || [001] was nonmonotonic and reproduced

very well by the calculation in the framework of the crystal field theory. The

results of calculation for the orientation H_ [001] with taking into account the
magnetostriction effects also agree well with the experimental data.

Additionally, the crystal field parameters set for LiTmF, crystal was cor-



rected in this work in order to fit the positions of the maxima of the angular
dependence of magnetization M to those of experimental data.

It is known as a remarkable feature of the Van Vleck paramagnets that NMR,
of nuclei of paramagnetic ions can be observed at low temperatures. NMR of
19Tm can be used to probe the magnetic moment of 4 f shell of Tm3* ions in
LiTmF,. In [12] it was found experimentally that the direction of the maximum
effective gyromagnetic ratio of *Tm nuclei in LiTmF, crystal in (001) plane
corresponds to the angle ¢ ~ 11° between the [100] axis and the magnetic field
directions. This result is in good agreement with the value of ¢,,,, = 12.5° for
the direction of the maximum magnetization determined in present work.

It is clear from the figure 4 that no structural phase transitions which affect
LiTmF, magnetization occur in the used magnetic field range. This suggests
us to propose that sharp jumps of the magnetization of the powder samples

in [13] in the magnetic fields above 40 kOe occurred due to size effect.
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