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The magnetic properties of Ho-doped langasites (La : Ho);GasSiO,4 are dominated by the Ising-like magnetic
moments of the Ho®* ions. In their saturated regime, the induced magnetic state breaks both time and space

inversion symmetries, leading to a linear magnetoelectric effect. However, due to distortions induced by a shared
Ga/Si occupancy of the 2d sites, resolving the microscopic nature of the magnetic configuration remains a
difficult task. Here, we combine polarized neutron diffraction and angular-dependent magnetization experiments
to determine the local distortions of the Ho®* magnetic moments in doped langasites (La;_,Ho,);GasSiOy4
with x =~ 0.015 and 0.045. We propose a model for a field-induced magnetic configuration with arbitrary
orientations of the local Ising axis of Ho®* in distorted positions. The operations of broken local C, symmetry
and rotations around the trigonal Cs axis connect different sites, restoring the global P321 symmetry of the
crystal and simplifying the description of the magnetic properties. The superposition of two distorted Ho>*
positions connected by C, symmetry determines the local magnetic susceptibility tensor, which no longer appears

Ising-like at low fields.

DOI: 10.1103/PhysRevB.109.214433

I. INTRODUCTION

Compounds with the langasite structure (La3GasSiOj4)
[1-4] have been extensively studied for some years now
and are primarily well known for their strong piezoelectric
and nonlinear optical properties [5-7]. The existence of or-
thogonal third- and second-order axes in the P321 space
group leads to several unusual functional properties. For ex-
ample, uniaxial pressure along the second-order axis breaks
the trigonal symmetry and induces an electric polarization
[6]. Significant interstitial spaces between La** dodecahedra
and Ga** octahedra make them highly susceptible to stress
[7], appreciably increasing the mechanical coupling, which
is higher than that of quartz [8]. These properties, combined
with structural stability over a wide range of temperatures,
make langasite particularly attractive for use in piezoelectric
sensors [9].

As shown in Fig. 1, the unit cell of langasites consists of
two alternating layers. The first layer consists of La*" do-
decahedra at the 3e positions with C, symmetry and of Ga**
octahedra at the la positions with D3 symmetry. The second
layer consists of Ga** and Si**/Ga’* tetrahedra occupying
the 3 f positions with C, symmetry and 2d positions with Cs
symmetry, respectively. Oxygen ions (O>~) are located at the
vertices of these polyhedra. Magnetic ions in the langasite
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lattice can lead to nontrivial magnetic structures along with
unconventional magnetoelectric properties. For example, the
well-studied iron langasites (such as BazNbFe;Si;Oy4) order
antiferromagnetically at 7y ~ 27 K into a triangular spiral
magnetic structure with double chirality [10,11]. In external
magnetic fields, they exhibit exotic chiral-dependent magne-
toelectric coupling [12—14]. However, the presence of such
magnetic structures complicates the study of the microscopic
mechanisms underlying the magnetic and magnetoelectric
properties of langasites, especially in external magnetic fields.
From this point of view, the rare-earth langasites R3GasSiO14
(R = La, Pr, Nd, Tb, Dy, Ho, ...) are of particular interest.
For instance, the well-studied compounds Nd;GasSiO;4 and
Pr3;GasSiOy4 [15-20] remain paramagnetic down to very low
temperatures (30 mK) within a distorted kagome-like lattice
[15,16]. The crystal structure of R langasites is stable only
for the light rare-earth ions with R = La, Nd, Pr. Starting
from Sm, a phase separation occurs with additional garnetlike
phases [21].

The compounds containing heavy rare-earth ions with large
magnetic moments (Tb, Dy, Ho, ...) are therefore only stable
at low concentrations of the rare-earth ions. In such com-
pounds, one can expect a strong perturbation of the ground
state of the ion within the crystalline field [22-28]. This
determines the local magnetic anisotropy of the ions, along
with macroscopic magnetic and other physical properties of
the crystal. In addition, due to the noncentrosymmetric crystal
structure of langasites, they may exhibit significant magneto-
electric coupling, as seen in rare-earth ferro- and alumoborates

©2024 American Physical Society
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La3+/ Ho3+(3e)

FIG. 1. Crystal structure of langasites. The crystallographic positions with ion labels and Wyckoff notation are indicated.

[22-27], which possess a similar trigonal structure (R32 or
P3,21 space groups).

The magnetic and magnetoelectric properties of a heavy
Ho* doped langasite (La;_,Ho,);GasSiO;4 (x = 0.015)
(Ho-LGS) were investigated in Ref. [29]. The quasidou-
blet ground state of the non-Kramers Ho?* ion determines
the macroscopic magnetic properties of the crystal. It is
largely separated from other excited levels, which makes
it an Ising-like ground state. Different local orientations of
the Ho®>* Ising axes in various positions determine its mag-
netic anisotropy. This picture of the Ho’* ground state was
proposed in Ref. [29]. However, it does not capture all rela-
tionships between the local and macroscopic magnetization,
which may indeed be more complicated. This is most likely
because there is a shared occupancy of the 2d positions fea-
turing Ga and Si ions of different size (see Fig. 1). This breaks
the local C, symmetry of rare-earth ions at the 3e positions
and leads to a deviation of local magnetization axes (i.e.,
the Ising axes of Ho*") from the orientations allowed by the
unperturbed C, symmetry.

Polarized neutron diffraction (without polarization anal-
ysis) involves measuring a neutron flipping ratio (i.e., the
intensity ratio of neutrons scattered with incoming spins
parallel and antiparallel to an external magnetic field [30]).
It is an exceptionally powerful tool for studying magneti-
zation processes at local crystallographic positions. Unlike
conventional magnetization measurements, which provide
information about the averaged macroscopic magnetization
value, polarized neutron diffraction determines the magneti-
zation density within the unit cell. This allows an investigation
of magnetization processes occurring at the microscopic level.
This method has been applied to study the local susceptibility
anisotropy of rare-earth ions in pyrochlore titanates R, Ti, O
(R = Ho, Dy, Tb) with a frustrated spin ice magnetic structure
[31-36].

In this paper, we will demonstrate that polarized neutron
diffraction experiments are highly effective in a complemen-
tary study using both neutron scattering and magnetization
in external magnetic fields, even for a very low fraction of
magnetic ions within the material. To investigate the mag-
netization processes at the Ho’* local positions and the
influence of local distortions on their behavior, we performed
a comprehensive experimental and theoretical study of the
magnetic properties of Ho substituted paramagnetic langasite.
The local susceptibility was examined by polarized neutron

diffraction in a Ho-LGS (x &~ 0.045) single crystal. Magne-
tization measurements were carried out under a magnetic
field applied along the principal crystallographic directions.
We also explored the details of the magnetization anisotropy
under magnetic fields rotated within the ab*, ac, and b*c
planes. To explain the experimental data, we propose a model
that considers the influence of local distortions on the ground
state of the Ising-like Ho®* ion, with local positions con-
nected by C, and C; symmetry operations, which preserves
the global symmetry of the crystal. This model allows us
to quantitatively describe the unique magnetic anisotropy of
Ho-LGS. We determine the parameters of the local distortions
(deviations and distributions of the Ising axis) and establish
their correlation with the macroscopic magnetic properties of
the crystal. These refinements are crucial to the microscopic
analysis and consistent with a quantitative description of the
observed Ho-LGS magnetoelectric properties (i.e., various
field-induced components of electric polarization), which are
currently under investigation and will be presented in further
publications.

II. METHODS

Doped langasite crystals were grown by two different
methods: the Ho-LGS crystal with x & 0.015 was grown us-
ing the Czochralski method by Mill et al. [1] and Mill and
Pisarevsky [2]. The crystal with x & 0.045 was grown using
the floating-zone method by Balbashov [37]. We determined
the quality of the crystals by x-ray analysis and by scanning
electron microscopy in the z-contrast mode. In both sam-
ples, only the langasite phase was detected. The magnetic
properties of the langasites were studied using a MPMS-50
(Quantum Design) magnetometer in magnetic fieldsupto 5 T
and at temperatures from 1.9 to 60 K.

The neutron diffraction studies were performed on the
x =~ 0.045 Ho-LGS sample at the Institute Laue-Langevin
(ILL), Grenoble, France [38]. The nuclear structure factor and
extinction parameters were first characterized at 2 K using
the D9 diffractometer operated at A = 0.836 A, produced
using the (220) plane of a Cu crystal monochromator; A/2
contamination was avoided by using an Er absorption filter in
the transmission geometry. Integrated intensities of structural
Bragg peaks were collected with standard w-scans for low-q
reflections and w-26 scans for medium and high-g reflec-
tions. Polarized neutron diffraction was then performed on
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FIG. 2. Angular dependence of the magnetization in Ho-LGS (x & 0.045) in (a) ab*, (b) ac, and (c) b*c planes at 7= 1.9 K and in external
field of uoH =5 T (black), 3.5 T (red), and 2 T (blue). Open symbols represent experimental data; solid lines are theoretical predictions
detailed in the text. The pictograms in the right column show the orientation of the magnetic field at the points corresponding to the minima in
the angular dependences, i.e., where the field is perpendicular to some of the Ising axes of Ho®* ions. 1%, 2%, and 3* represent the orientations

of six equivalent magnetic axes of Ho>*, respectively.

the D3 instrument with A = 0.825 A. Measurements were
undertaken at 5 K in a magnetic field of 0.5 T, i.e., in the
linear regime. Flipping ratios were measured on a prealigned
crystal, with directions b, b*, and c. For this, the OrientExpress
Laue instrument at ILL was used [39]. In total, 933 reflec-
tions were measured, with the external magnetic field aligned
parallel to the b (305 reflections), b* (484 reflections), and ¢
(144 reflections) axes.

Analytically, the experimentally obtained flipping ratio R
is expressed as

It

R=—,
IE

6]

where It and I~ are the scattering intensities of neutrons
polarized parallel and antiparallel to the external magnetic
field, respectively.

The relationship between the flipping ratio and the local
susceptibility parameters is laid out in detail by Gukasov
and Brown in Ref. [30]. A summary is also provided in the
Supplemental Material [40]. Ultimately, the local suscepti-
bility tensor is obtained by a least-squares refinement of the
experimental flipping ratios with respect to Eq. (1).

III. EXPERIMENT
A. Magnetic properties

Angular dependence of the magnetization was measured
for various temperatures and in different magnetic fields rotat-
ing in the ab*, b*c, and ac planes. In addition, we measured
the field dependence of the magnetization along different
crystallographic directions in the temperature range from 1.9
to 90 K.

The observed angular dependences provide the most rele-
vant information. At low temperatures and in strong magnetic
fields, where the magnetic moments along local axes are
almost (quasi-) saturated (the Zeeman quasidoublet split-
ting exceeds the thermal energy), we observe noticeable
anisotropy of the magnetization [Figs. 2(a)-2(c)] associated
with the peculiarities of the local Ising axis orientation of
Ho?" ions.

In the quasisaturated regime (uoH > 1 T and T = 1.9 K),
a 60° anisotropy was observed in the ab* (hexagonal) plane,
with a maximum along the a axis and a minimum along the
b* axis (i.e., perpendicular to the second-order a axis) [see
Fig. 2(a)]. In the ac plane, an asymmetric minimum occurs
between the two nonequivalent maxima for H || @ and H ||
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FIG. 3. (a) Magnetization curves of Ho-LGS (x ~ 0.045) for
H||b* and at temperatures between 1.9 and 60 K. (b) Comparison of
the magnetization curves at T = 1.9 K for H || a, b*, ¢, and ¢ — 39°b*
directions. The last direction corresponds to the minimum of the
angular dependence in the b*c plane [see Fig. 2(c)]. (¢) Comparison
of the susceptibility observed from magnetization and from neutron
data for H || b* and (d) for H || c. Symbols represent experimental
data, solid lines are theoretical calculations (see Secs. IV A-1V D).

¢ [Fig. 2(b)]. In the b*c plane, we observe the most charac-
teristic benchmarks of the magnetization anisotropy. When
the field is oriented in this plane, the angular dependence is
asymmetric with respect to the local maximum along the ¢
axis [Fig. 2(c)]. For the clockwise and anticlockwise rotation
of the magnetic field relative to the c axis, the neighboring
minima have different depths, and the following maxima have
different amplitudes. The b* axis is located near one of the
local minima but does not coincide with it.

The depth of the magnetization minima decreases with
increasing temperature, and the angular dependencies become
smoother, which is also observed for fields <1 T. In the high-
temperature and low-field regime, the magnetization in the
ac and b*c planes follows a M ~ sin 26y dependence, while
there is no anisotropy in the ab* plane. The characteristic
features in the angular dependence of the magnetization are
the same for both compounds with x ~ 0.045 and 0.015 (see
the Supplemental Material [40]).

In agreement with the data above, the low-temperature
magnetization curves demonstrate anisotropic behavior. The
magnetization saturates along local axes around a field of
~1 T. The Van Vleck contribution and the deviation from
Ising behavior of the magnetic moments that tend to bend
toward the magnetic field (see the Theory Section) lead
to a small effective susceptibility for magnetic fields >1
T and along the principal crystallographic directions a, b*,
and ¢ [Fig. 3(a)]. In contrast, the magnetization curves with
the field aligned along one of the minima in the angular

dependence (i.e., when the field is orthogonal to one of
the most probable Ising axes) display a stronger additional
contribution to the magnetization in the saturation regime
[see Fig. 3(b) —Hc — 39°b ]. This additional contribution
is characterized by a steeper slope and by a reduction of
angular modulation with increasing magnetic field strength
[see Fig. 2(c) for fields 2, 3.5, and 5 T]. Finally, Fig. 6, shown
later in the Theory Section, demonstrates how the magne-
tization asymmetry in the b*c plane is compatible with the
crystallographic symmetry P321 and how it is associated with
a deviation of the local magnetic ellipsoids from the ac plane.

B. Neutron scattering

Flipping ratios for a magnetic field of uoH = 0.5 T applied
along the b, b*, and c directions were refined simultaneously
using the ChiLSQ subroutine of the Cambridge Crystallog-
raphy Subroutine Library (CCSL). A second refinement was
also performed using the Crystallographic Python Library
(CrysPy), with both libraries giving equivalent outputs. Later,
these refinements were further validated using the Mag2Pol
software. The magnetic form factor was approximated at
the dipole limit as f(k) = (Jo(k)) + (g% — 1){J»(k)), where

(Jo.2(k)) are radial integrals of the Ho’t electronic wave
function and g, = % is the Landé g-factor, accounting for
the orbital contribution to the magnetic moment (see the
Supplemental Material for details [40]). The refinement qual-
ity for the three different applied magnetic field directions is
shown in Fig. 4.

The refined susceptibility tensor for a single Ho** ion

rounded to two decimal places was found to be

5.403(1) 0.00(5) 0.002(1)
X = X12 0.2(2) 0.54) (us/T, (2
X13 x23 2.4(1)

within the orthogonal coordinate system {x}||a, {y}||b*, and
{z}||c. Diagonalizing the tensor gives the following eigenvec-
tors X =a, Y =0.98b* — 0.21¢, and Z = 0.21b* 4 0.98c,
such that

X+ 1Y + x.Z = 5.40X 4 0.12Y + 2.50Z [125/T]. (3)

A graphical representation of the corresponding magneti-
zation ellipsoid is shown in Figs. 5(a) and 5(b). It consists of
an ellipse, mostly in the ac plane, with a slight rotation of 13°
= 7° around the a axis toward the b* axis.

The bulk susceptibility per Ho ion is then determined by

==
Xij = D RuRjixu, “
Neo 15155

where Ny, is the number of Ho ions in the unit cell and
l<i<3and1 < j<3forall R operators in the C; point
group. Here, we apply the inverse property of symmetry rota-
tions R;; = R]Tl.l. The resulting bulk susceptibility per Ho ion
is therefore

fBak=z| O 845 0 |[ug/Ho]/T. (5)

W
=]
o
J
—_
-
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FIG. 4. Neutron flipping ratio refinement using the Cambridge Crystallography Subroutine Library (CCSL) and dipole approximation for
applied fields of 0.5 T along the (a) b*, (b) b, and (c) c crystallographic directions. The measurements were performed at a sample temperature

of 5 K.

The result is in fair agreement with the measured magnetic
field dependence in the linear regime, as shown in Fig. 3.

We note that the ellipsoid of the local magnetic suscep-
tibility extracted from the neutron data does not correspond
to the expected Ising-like behavior of Ho’* ions proposed in
Ref. [29]. Therefore, in the proceeding Theory Section, we de-
velop a more sophisticated model. It starts from the Ising-like
character of Ho*>* ions and accounts for the observed suscep-
tibility ellipsoid assuming a distribution of locally distorted
positions.

IV. THEORY AND DISCUSSION

A. Model of disorder-induced anisotropy distribution

In Ho-LGS, the Ho** magnetic ions occupy three low-
symmetry positions with a C, symmetry axis aligned to one
of the three crystallographic directions (a, b, —a — b). They
remain in a paramagnetic state down to low temperatures.
However, the shared occupation of Ga and Si at the 2d
positions leads to a breaking of the local C, symmetry in
the rare-earth environment. The possible presence of a su-
perlattice in LGS [41,42] suggests the existence of some
energetically more favorable states (i.e., arrangements of Ga
and Si). It is impossible to unambiguously identify them from
the present data only, but we assume that rigorous microscopic
calculation may determine the set of allowed configurations.

A crystal electric field of low symmetry (C;) splits the
ground multiplet >3 into 2J + 1 = 17 singlets. The two
lowest neighboring energy levels (a quasidoublet with a small
splitting of 2A s ~ 3 K) primarily determine the magnetic
properties of the Ho** non-Kramers ion in langasite (see also
Ref. [29]). Such a ground state results in Ising-like behavior.
The matrix element of the magnetic moment operator between
the wave functions of this quasidoublet determines the mag-
netization of the Ho** ions, which exhibit strong anisotropy
(see, for example, Ref. [43]). This is consistent with the low-
temperature behavior of the magnetization curves, showing a
large slope in low fields, and a fast saturation at uoH ~ 1T
(Fig. 3).

To describe the magnetic properties of Ho-LGS, we used
an approach like Ref. [29] based on a spin Hamiltonian that

includes splitting of the quasidoublet in the crystal elec-
tric field, along with a Zeeman energy and Van Vleck
contributions:

HY) = Aol + mHoP — THR( H. (©6)

Here, oz"’y are the Pauli matrices at the ith position, m;H =
wom;H = —iupg; (A|J;H|B) (where (A| and |B) denote the
wave functions of the quasidoublet), n; is a unit vector of an
arbitrarily orientated Ising axis, H is the external magnetic
field, and %\, is the Van Vleck susceptibility matrix. The
energy levels of the quasidoublet at the ith position, obtained
by diagonalization of the spin Hamiltonian, are equal to +e¢;,
where &; = V (m,-H)2 + Aff, and determine the magnetiza-
tion of Ho* ions (see below).

Next, we consider possible distributions of local magneti-
zation directions (Ising axes) and their relationship to different
positions within the crystal. Let us assume that the magne-
tization direction (Ising axis) is determined by an arbitrary
unit vector n(«,8) = (cosw, sinasinf, sinacosf). Here, «
is its deviation from the a axis, and B is the angle between
the projection of the Ising axis in the b*c plane and the ¢
axis (as in Fig. 6). Due to the random distribution of Ga/Si
ions breaking the local C, symmetry of the Ising axis, the
angles o and § should also be randomly distributed around
their most probable values @ and ,B, which can be deter-
mined by modeling of the magnetic properties. In this paper,
we use a two-dimensional Gaussian distribution p(«, ) =

_(@=)” (BB . .
exp[—=55—lexpl 57 1/27 8,84 for the Ising axes direc
a B

tions with dispersions 8, and &g.

To preserve a global P321 symmetry of the Ho-LGS
crystal, we assume the presence of another distorted
position coupled with the first one by the C, symme-
try operation. Considering that the angle & is invariant

while B transforms to B-w under the C, symmetry op-
eration, the distribution function then becomes p’(«, 8) =

(@@ _B=G-n)r -

exp[— 55— lexp{ 55— 1/2m848p. Thus, the superpo
(& [

sition of p and p’ in distorted positions determines the

distribution function py = (p + p’)/2 of the averaged local
positions possessing the global C; symmetry.
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FIG. 5. Calculated and measured magnetic susceptibility ellip-
soids of Ho*" in Ho-LGS (x & 0.045) represented in the local
coordinate system of a pair of distorted crystallographic positions
connected by the C, symmetry. Projections of the ellipsoids on the
planes of the local coordinate system are shown for (a) XZ and (b)
XY. The external magnetic field is woH = 0.5 T, and the temperature
is T =5 K. The rightmost column shows the schematic orientations
of the susceptibility ellipsoids within the crystallographic and local
coordinates. The projection planes (a) XZ and (b) XY are indicated
by the gray planes. The crystallographic coordinate system is ro-
tated with respect to the local XYZ axes by an angle B ~ 4° £ 2°
around the second-order axis (C,||a). Narrow blue and black ellipses
show the Ising-like susceptibility of two most probable 4+ and —
directions coupled by the C, symmetry along the a axis. The orange
and green solid lines represent the model ellipses of susceptibility
accounting for small nonlinear field contributions for static fields
H || X (orange) and H || Z (green) for both distorted positions (see
details in Sec. IV D). Dotted lines represent the projections of the
magnetic ellipsoid obtained from polarized neutron diffraction. Stars
denote the susceptibility values along the local XYZ axes refined from
neutron measurements.

The orientation of the Ising axes and the distribution func-
tions in other positions are determined by +120° rotation
around the trigonal (Cs3) axis. Let us now denote the posi-
tion with an arbitrarily oriented Ising axis n;(«, 8) = (cosa,
sinasing, sinxcosB) and consider the distribution function p
at position 1. Here, the form of p, reflects the presence of
the two most probable directions (coupled by C, symmetry).
The additional positions 2 and 3 are related to 1 by an extra
C; symmetry operation. The rotation matrices égi determine
the pair of Ising axis directions my3(c, B) = ?aci n (o, B) in
positions 2 and 3. The distribution function p; remains un-
changed under the symmetry operations. Thus, we introduce
a three-sublattice model with the distribution function p. It

preserves the global symmetry P321 of the crystal despite its
local deviations.

Since all three sublattices 1, 2, and 3 include two com-
ponents, they can also be treated as pairwise split into six
sublattices 1%, 2%, and 3* . The most probable Ising directions
for 1* are ny (@, B) and n;_(&, B-7), with no; 3, (@, B) =
3* n,@, B), m_5 (@, B) = 3*n,_(a, B-w) for 2* and
3%, respectively. They are connected by the set of threefold
symmetry axis rotations on n;i (Fig. 6). The distribution
function p, is the same in all positions 1, 2, and 3. For the
interpretation of magnetization curves, we will employ the
six-sublattice approach, while for neutron data, it is more con-
venient to use the three-sublattice model with a generalized
distribution function. Note that, if we consider the undistorted
Ho** positions with local C; symmetry, it is not possible to
describe the angular and field dependences of the magnetiza-
tion consistently (see Ref. [29]).

In the frame of this model, we can now define the total free
energy of the two level (%¢;) system and calculate the average
magnetization considering three types of magnetic positions
with the distribution p. of Ising axes:

1
M=me Y { [ [ imiatmo + 280 + By
i=1,2,3
tanh (s:/ks T i
x Mmdadﬂ n mn}. %

1

Here, m; = uon;; p;, €, and py depend on «, B; ny, is the
Ho** ion concentration; and kg is the Boltzmann constant.
We also consider a weak renormalization of the crystal field
splitting by magnetic field A — A + Hp;H due to an
influence of excited Ho’" states (see also Ref. [44]). It is
characterized by the local magnetic tensor p’, which can be
represented in the crystallographic coordinate system by the
rotation matrices p; = C‘i_ '5'C; [40]. The p’ tensor depends
on the matrix elements of the magnetic moment between the
ground and excited Ho’* crystal field states and leads to a
nonzero susceptibility when the magnetic field and Ising axis
are orthogonal.

B. Angular dependence of magnetization

The model of Ising axis directions qualitatively explains
the presence of extrema in the angular dependence of mag-
netization. The distinctive features of the Ising-like behavior
of Ho** and of the disorder-induced distribution of their
anisotropy axis are the most prominent in the quasisaturated
regime (uoH > 1 T and T < 5 K). Specifically, when the
magnetic field is oriented perpendicular to one of the Ising
axes, minima appear in the angular dependence of magnetiza-
tion [Figs. 2(a)-2(c)].

For magnetic fields rotated in the ab* plane, the magnetiza-
tion behaves as M ~ sin6g, and the equivalence of magnetic
moment orientations parallel and antiparallel to the Ising axes
leads to the presence of a 60° periodicity. We note that, when
the magnetic field is rotated by 90° in the ab* plane, three
minima should be observed, for example, in the range from 0
to +90°, when the magnetic field H is orthogonal to the most
probable axes ny, ny_, and n;_ (Fig. 2 right). However, the
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b*

-a-b

FIG. 6. Schematic representation of susceptibility ellipsoids and the most probable directions of the Ising axes (a) in a three-dimensional
view and (b) projected onto the ab plane. The numbers £1, 2, £3 denote the most probable directions of the Ising axes in the corresponding
positions. The local coordinate system XYZ, rotated by an angle B around the second-order axis, is shown for position 1 only. The angle «
represents the deviation of the most probable directions of the Ising axes from the a axis.

directions n,; and my_ are close to each other, thus making
the corresponding minima indistinguishable [Fig. 2(a)].

When the field rotates by 180° in the ac plane, two minima
with slight asymmetry are observed [Fig. 2(b)]. These minima
are the combinations of three weaker minima. For example,
when the magnetic field rotates from the ¢ to the a axis,
it becomes orthogonal to the axes nj_, ny;, and n3; at the
angles 60y ~ 32°, 49°, and 53°, respectively (right column in
Fig. 2). These features are not resolved in the experiment,
as they are smoothed out due to the random distribution. In
the angular dependences, the maximum for H || ¢ arises due
to the deviation of the Ising axes from the ab* plane. From
the magnetization ratio for H || ¢ and H || a, we estimate the
deviation angle as & & 32° [Fig. 6(a)].

Further characteristic features related to the orientation of
the Ising axes are observed for magnetic fields in the b*c
plane. In this plane, the angles at which the field is orthogonal
to the axes m3_ and np4, n;y and n;_, and ny_ and n3;
coincide. As a result, only three distinct minima are observed
in the 180° angular dependencies [Fig. 2(c)]. The local mini-
mum near H || b* occurs when the field is orthogonal to nj,
and n;_ (6g &~ 94°, right column in Fig. 2). The inequality
Ou # 90° and the asymmetry of the angular dependence in
the b*c plane, when the sign of the magnetic field projection
onto the ¢ axis changes [ 6y = 90° %+ 4, Fig. 2(c) ], indicates
a deviation of the local XZ plane [which includes n;; and
n,_, see Fig. 6(b)] from the ac plane. The estimation of this
deviation is B A 4° 4 2°, which falls within the uncertainty
bands of the angle determined by neutron refinements.

C. Field-induced magnetic moment distribution

Using the magnetization equation in terms of the mag-
netic structure model, the field dependences of magnetization
were simulated as well (Fig. 5). From these data, we can
estimate the concentration of the magnetic ions in both sam-
ples (ngo = 1.53%, 4.45%) and the magnetic moment of the
doublet (uo = 9.4ug) for H || a, b*, and c. The magnetic

properties for the sample with ny, = 1.53% can be described
self-consistently without additional parameters [40].

As discussed above, for H || a, b*, and ¢, the magnetization
slope in the saturation regime and for the sample with n =
4.45% 1is rather small. In contrast, when the magnetic field is
orthogonal to one of the Ising axes [Fig. 5(b), H||c — 39°b*],
this slope increases significantly. We believe that this is related
to the deviation of Ho** ions from pure Ising behavior. The
p’ components that determine this slope are equal to p, = 0,
py =17 x 1072 up/T, and p, = 42.1 x 1072 uy/T. A finite
slope in the magnetization along the a, b*, and ¢ axes in the
saturation regime indicates the presence of Van Vleck contri-
butions to the susceptibility. Summed over three positions it
can be estimated as

1 N
XVVa = Xvvbr = §nHo Z X‘(/l‘)/H/H

i=1,2,3 abt

=2.7x 1072 ug/T,

XvVve = Z1Ho

3 > xWH/H| =12 x 107 ug/T.

i=1,2,3
c

The distribution of the Ising axes leads to a broadening of
the minima in the angular dependencies of magnetization. In
combination with deviations from the Ising behavior, a quan-
titative description of the depth of minima in Figs. 2(a)-2(c)
is obtained for the dispersion §, = 6.7° and Jg = 8°.

In general, the proposed model of the field-induced
magnetic structure aligns well with the experimental data.
However, certain discrepancies, such as those observed along
the a axis, can be seen as necessary compromises to achieve
overall agreement across a wide range of experimental obser-
vations. These deviations arise from the constraints of using
a relatively simple model with simplified distributions of the
Ising axes.
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D. Local magnetic susceptibility

The magnetic susceptibility calculated using the param-
eters obtained from the model above is also in agreement
with the susceptibility obtained from the polarized neutron
diffraction measurements (Fig. 5). We calculated the magnetic
susceptibilities of the local positions, which are superposi-
tions of susceptibilities from two distorted Ho’* positions
connected by C, symmetry. We used the definition of magneti-
zation M from Eq. (7) to determine the effective susceptibility
X of position 1. The increment of the induced magnetization
by the infinitesimal change of the magnetic field dh is equal
to dMV = MO (H + dh) — MV (H).

For the low field regime poH < kgT', Af one can linearize
dMWY by the increment of static field dh and introduce its
form as

dMY = nyo 3 P (H)dh. 8)

Here, the effective local susceptibility is

H
&, (H) = //|:m$mn (,I:IT> (2msm+m§)}

X (kBT) ,0+dotd/3 + XVV’ (9)

with &, n = a, b*, c. For simplicity, we omitted renormaliza-
tion of the crystal field splitting by magnetic field due to the
influence of excited Ho>* states.

The linearization with respect to H perfectly works in the
low-field and high-temperature regime. In the crystallographic
coordinate system, the susceptibility tensor for T = 5 K is
equal to

g

8.47 0 0
=1 0 0.08 0.23
0 0.23 3.32

0
mym;

2
mymz m;

(ke T)™' pded B + S

(ug/Ho)/T, (10)

where we considered C, symmetry, which cancels certain
components and allows us to reduce the p, distribution
function for two sites to just one site p. In this case, the
susceptibility in position 1 is described by the components
2 (Fig. 5), and the susceptibilities of 2 and 3 are connected
to 1 by £120° rotation (Fig. 6). The rotation around the a axis
by an angle g™ = %arctan(f sin2BpdB/ [cos2BpdB) ~ 4°
diagonalizes the susceptibility matrix, which is equal to B
and, considering uncertainties, is in agreement with Sy ~
13° & 7°. Thus, in the local coordinate system, obtained by
rotating the crystallographic coordinates system by an an-
gle B around X parallel to the second-order axis C, (a)
(as shown in the right column of Fig. 5), the susceptibil-
ity is well described by an ellipse, which is a cross-section
of the ellipsoid x>/ x 2 + y*/ Xfy + 72/ Xzzz = 1. The calculated
eigenvector describing the magnetic ellipse of a single Ho site
is given by

XX 4 oy Y + xz2Z = 847X + 0.07Y + 3.34Z [pp/Hol/T,
(11)

which is larger than that determined by the neutron refine-
ments in Eq. (3).

The reason for this is likely due to nonlinearities already
present at 0.5 T. Specifically, there is a decrease in the suscep-
tibility under increasing applied fields [Figs. 3(c) and 3(d)].
For magnetic fields (mH)? ~ (kgT)?, the additional quadric
term given by the static magnetic field H must also be con-
sidered. It reduces the value of §" according to Eq. (9) and
makes positions 1, 2, and 3 nonequivalent. For example, in a
magnetic field of 0.5 T along the a axis (T = 5 K), the dif-
ference between single components of the local susceptibility
tensors for sites 1, 2, and 3 can reach values of 20%. Using
Eq. (9), we calculated the eigenvector describing the magnetic
ellipse of a single Ho site in the nonlinear regime (7= 5 K and
woH = 0.5 T) for H || X and Z, respectively, obtaining

XX + oy Y + x22Z =7.79X + 0.06Y + 3.02Z [ /Hol/T,
XX + Xy Y + x2:Z=6.62X + 0.05Y + 2.67Z [115/Ho]/T.
(12)

The values are now closer to those determined by the neu-
tron refinement but differ for H || X and Z [Fig. 5(a)]. Here,
the ™" dependence on H and T is negligible. We highlight
that the neutron refinements were performed simultaneously
on data collected for H || b*, b, and ¢ and considering all
three Ho positions coupled by C; symmetry. However, due
to the nonlinear terms mentioned above, the response will
depend on the field direction with respect to the local axes
of the ellipsoids in different positions. Thus, in this case, the
refined susceptibility tensor obtained from the neutron data
(X""") should be interpreted as an averaged and effective
susceptibility.

The nonzero susceptibility for dh || Y [Fig. 5(b)] is the
result of the distribution of the Ising axes and deviations from
the Ising behavior, with the second case not being considered
in Egs. (8)—(12). Accounting for these deviations doubles
the value x,, ~ 0.10 (ug/Ho)/T. The corresponding ellipse in
the XY plane calculated numerically is shown on Fig. 5(b).
There is a good agreement between the calculated and re-
fined susceptibilities x,,. However, we note that the effective
susceptibility X“e‘“r has a large relative error because of its
small value. Moreover the Gaussian distribution of Ising axes
is a model approximation, which can introduce errors in the
calculated susceptibilities for fields orthogonal to the Ising
axes. Finally, we did not account for the specifics of the wave
functions of Ho** to estimate the components of ' which
describe the deviation from the Ising behavior and strongly
affect the yx,, magnitude. A rigorous mathematical treatment
considering various configurations of Ga and Si ions and
calculating the spectrum of Ho** ions would enable a more
accurate modeling of the magnetic properties. However, in
this paper, we used a simpler approach and were still able to
obtain good agreement between model and experiment.

In summary, the magnetization experiments provide the
following approximate distribution of the magnetic anisotropy
of Ho-LGS. It consists of two Ising axes n;; and n;_, at
distorted positions connected by C, symmetry and rotated
from the local a axis by the angles & ~ £32°, respectively.
The plane built of n;4 and n;_ roughly coincide with the
ac plane but is rotated away from it by the angle 8 ~ 4° (see
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Fig. 6). Both angles « and S reveal Gaussian distributions with
dispersions 8, = 6.7° and 8g = 8°, respectively. Four other
Ho** positions are obtained from n;, and n;_ applying the
C; symmetry operation along the c¢ axis.

Considering the experimental errors and the model as-
sumptions, the susceptibility agrees rather well with the
refinement obtained from polarized neutron diffraction mea-
surements. A graphical comparison of the susceptibility
ellipsoids from magnetization and from neutron experiments
is shown in Fig. 5.

An important aspect obtained from the magnetization data
is the observable influence of the local directions and the
distributions of the Ising axes. To obtain further details of this
magnetic configuration, more sophisticated experiments and
rigorous theoretical calculations are necessary.

V. CONCLUSIONS

Using a comprehensive experimental and theoretical ap-
proach, we studied the effect of Ho®* local magnetic
orientations and their distortions on the macroscopic magnetic
properties of doped langasites (La;_,Ho,);GasSiO14 with
x ~ (0.015 and 0.045.

The local magnetic susceptibility at local Ho** positions
was determined by flipping ratio measurements using polar-
ized neutron diffraction. Considering the C, symmetry of the
local 3e Ho** positions, the magnetic ellipsoids of suscepti-
bility were determined by refinement of the neutron data. The
highest susceptibility (the major axis of the ellipsoid) occurs
for fields directed along the C, axes X (H || a, b, —a — b).
The next-largest susceptibility is seen in a field directed along
the local Z axis that deviates from the ac plane by an angle
Breur = 13° £ 7°. The local susceptibility along the Y axis,
which is perpendicular to the X and Z axes, is an order of
magnitude smaller than the other two. Here, the refinement of
the polarized neutron data assumed a local C, symmetry and
provided a good approach to capture the magnetic density at
local crystallographic positions. The insight into the details of

the rare-earth sites with violated C, symmetry was obtained
from the analysis of the angular dependent magnetization in
the ab*, b*c, and ac planes especially in the quasisaturated
regime (uoH > 1 T).

We propose a simple model of the field-induced mag-
netic structure assuming a quasidoublet ground state of the
non-Kramers Ho®* ions in a crystal field environment. This
includes a perturbation of the Ising-like behavior with an
arbitrary orientation of the local Ising axis in distorted po-
sitions due to shared occupation of the neighboring Ga/Si
2d sites in langasites. We argue that an averaged distribu-
tion of the Ising axes for the distorted Ho** positions are
coupled by local C; symmetry and by the rotations around
the trigonal ¢ axis, which restores the global P321 symmetry
of the crystal. Within these assumptions, it is possible to
quantitatively describe the observed global magnetic proper-
ties and the ellipsoids of the local susceptibility. As a result,
microscopic characteristics of the Ho’* ground state, such
as the most probable local orientations, the amplitude and
distribution of the magnetic moments could be determined.
These characteristics do not depend on the Ho-doping value
of the studied langasite crystals, thus confirming the validity
of the approach.

Finally, a similar influence of local magnetic distortions on
the macroscopic properties in doped langasite crystals reveals
characteristic features that can be studied in other systems as
well. More detailed insight into the distribution of local mag-
netic properties requires rigorous microscopic calculations
and may also necessitate the development of experimental
approaches.
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