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Nuclear and Electron Spin Resonance Studies on
Skyrmion-Hosting Lacunar Spinels

Markus Prinz-Zwick, Bertalan G. Szigeti, Thomas Gimpel, Dieter Ehlers,
Vladimir Tsurkan, Andrey O. Leonov, Bjérn Miksch, Marc Scheffler,
loannis Stasinopoulos, Dirk Grundler, Istvdn Kézsmdrki, Norbert Biittgen,

and Hans-Albrecht Krug von Nidda*

Magnetic resonance techniques at nuclei and electrons are applied to characterize
the electronic structure and collective magnetic excitations throughout the
magnetic phase diagrams of the lacunar spinels GaV,Sg and GaV,Se; showing
cycloidal, Néel-type skyrmion lattice and ferromagnetically polarized phases. 'Ga
nuclear magnetic resonance (NMR) provides a local probe of the rhombohedral
distortion and the resulting uniaxial magnetic anisotropy via the detection of electric
field gradients (EFGs) and hyperfine coupling at the gallium sites of these lacunar
spinels. Broadband electron spin resonance (ESR) allows identifying clockwise,
counterclockwise, and breathing modes of the skyrmion-lattice phase supported by

theoretical simulations.

1. Introduction

Stoichiometric chalcogenides and halides displaying fractional
formal valence states for the metallic species are also referred
to as mixed-valence systems. In such compounds, one electron
(or electronic hole) is formally shared between two or among
more metal sites. In the solid-state context, a wide variety of
intriguing phenomena is encountered in mixed-valence materi-
als, ranging from charge ordering in, e.g., manganates'” and
vanadates,*  to heavy-fermion behavior in Liv,0,50
and a possible spin-liquid phase in Ba;InIr,0,,”* where the lat-
ter phenomena are accompanied by strong magnetic frustration.
Mixed valence often implies lattice configurations featuring well-

defined and clearly separated dimers or M,
clusters (p=2, 3, 4, ..., corresponding to
dimers, trimers, tetramers, and so on) of
transition-metal ions. With n-p+1 elec-
trons associated with such a unit, where
n valence electrons reside at each transi-
tion-metal ion and the additional “+1” elec-
tron may be delocalized over a molecular-
like, extended orbital state.”) Whether the
net cluster spin is given only by this “sin-
gle” electron or also by other d electrons
depends on specific details of each particu-
lar system, such as the actual n and p val-
ues, covalency effects, and strength of
Hund’s coupling. The distributed elec-
tronic state within a cluster may exhibit instabilities towards sym-
metry breaking and “local” charge disproportionation. Certain
anisotropies would be then present as concerns the “local”
charge distribution. This degree of “instability” is related as well
to collective, intercluster couplings. The latter give rise to collec-
tive ordering phenomena such as cooperative Jahn-Teller distor-
tions and/or magnetic ordering.

The so-called lacunar spinels GaM,Xsg, with M =V, Mo and
X =S, Se, represent a class of compounds where such behavior
has been observed experimentally.'>*) Here, charge instability
within M4X, cubanes in the cubic parent crystal structure can
drive structural transitions to low-temperature polar rhombohe-
drall*®'”) or antipolar orthorhombic!*®'® phases. In systems with
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rhombohedral low-temperature state, such as GaV,Sg and
GaV,Seg, an apparently robust Dzyaloshinskii-Moriya (DM)
exchange allows then the stabilization of magnetic skyrmion
states and field-driven condensed skyrmion lattices (SkLs).™"
The peculiar magnetoelectric properties featured by these sys-
tems offer unique new functionalities, owing to the distinctive
type-1 multiferroic nature of the compounds, where the magnet-
ically ordered states can be simultaneously ferroelectric and fer-
roelastic as well. These ferroic properties do not only coexist but
can be also coupled."? Such couplings can lead to textured multi-
ferroic states. In this respect, the magnetoelectric lacunar spinels
are remarkably different as compared with the extensively stud-
ied cuprate Cu,0SeOs, which is a magnetoelectrically coupled
chiral cubic helimagnet.”**" From the theoretical point of view
the electronic structure in case of fractional occupation within
the M4Xg cubanes is still an open question.”? Standard density
functional theory (DFT) calculations are not sufficient to account
for the experimentally observed bandgap, and a more
sophisticated DFT assessing the performance of various
exchange-correlation potentials could not be supported by optical
spectroscopy experiments,*’! recently.

In the present study, we focus on the local electronic proper-
ties of the lacunar spinels GaV,Sg and GaV,Seg from the
magnetic resonance point of view both at gallium nuclei and
vanadium electrons. Previously, we have analyzed the magnetic
anisotropy by means of angular dependent ferromagnetic reso-
nance (FMR) measurements at Q-band frequency in the
ferromagnetically polarized regime."***) Moreover, broadband
electron spin resonance (ESR) allowed identifying the character-
istic collective modes of the SkL phase, i.e., clockwise, counter-
clockwise, and breathing mode in GaV,Ss.1*! Here, we will give a
comprehensive ESR and nuclear magnetic resonance (NMR)
study of the entire phase diagram probing the local environment
of electron and nuclear spins.

2. Sample Characterization

Single crystals of GaV,Sg and GaV,Seg have been prepared by
chemical transport reaction using iodine as transport agent as
described previously."'"'3) Magnetic phase diagrams have been
derived from magnetization, magnetic torque, specific heat,
small-angle neutron scattering, as well as atomic force micros-
copy measurements. Upon cooling both noncentrosymmetric
cubic systems (Ty point symmetry) undergo a Jahn-Teller tran-
sition into a rhombohedrally distorted (C;, point symmetry)
polar structural phase at about 44 and 42 K followed by cycloidal
magnetic order below 13 and 18 K for the sulfide and the selenide
compound, respectively.?**”) Due to the trigonal Jahn-Teller
distortion along the (111) axes, four structural domains emerge
which explains coexisting phases for orientations of the magnetic
field H||(111) and H|[(110). Only for H||(100) all domains are
equivalent, as we prove in the next section.

Note that, in the lacunar spinels belonging to the C,, symme-
try class, in contrast to cubic helimagnets like MnSi, no Lifshitz
invariants are present along the high-symmetry z axis. Therefore,
in these compounds, only modulated magnetic structures with
wavevectors perpendicular to the field (i.e., skyrmions and heli-
coids) are favored by the DM interaction, but the conical phase,
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which is considered as a main rival of skyrmions, is suppressed.
Nevertheless, theoretical considerations have shown that the
anisotropy plays an important role for the stability of the
Néel-type skyrmion phase.[?®!

The important difference of both compounds is the sign of the
uniaxial anisotropy within the Jahn-Teller phase, which is of easy
axis type for GaV,Sg, but easy plane for GaV,Seg. In zero mag-
netic field, both compounds exhibit a cycloidal (Cyc) magnetic
ground state, which for the magnetic field applied along the
(111) directions on increasing magnetic field transforms at first
into a SKL phase and then into a ferromagnetically (FM) polar-
ized phase. While in GaV,Sg, the increase in the easy-axis anisot-
ropy to low temperatures suppresses both SkL and Cyc phases
below 5 K, the easy-plane anisotropy stabilizes both phases down
to zero temperature in GaV,Seg. Moreover, it is important to note
that in GaV,Sg, the SKL phase is observed for H||(111) and
H||(100) for all domains, but in case of H||(110) only for those
domains which span an angle of 35° with the static field, but not
for those which are orthogonal to the field.***! In GaV,Ses,
no SKL phase is observed for H|[(100), but for H||(111), the
SKL phase shows up down to lowest temperatures for the
domains with the rhombohedral axis parallel to the static field.
For H||(110) in the domains with the rhombohedral axis span-
ning an angle of at 35° with the magnetic field, the SkL phase
appears in a certain temperature range below T¢. For all other
domains, the Cyc phase—although showing up down to lowest
temperatures—directly transforms into the FM phase on increas-
ing field.”® This is in agreement with Dzyaloshinskii’s solution
that the spiral state gradually increases its period and expands
into the homogeneous state.

3. Nuclear Magnetic Resonance

We perform NMR at the gallium nuclei (with gyromagnetic
ratio 7y/2zx = 13.021 MHz/T of "'Ga) at an irradiation fre-
quency of w/2z = 40 MHz, which corresponds to applied mag-
netic fields H of yyH ~ 3T. Figure 1 shows the temperature
dependence of "'Ga spectra from the paramagnetic phase down
to the magnetically ordered state. In the paramagnetic phase with
cubic crystallographic symmetry, the spectral pattern consists of
a single unsplit spectral line, as exemplified by the spectrum
recorded at 50K. Around the Jahn-Teller transition at
Tjr = 44K, the reduction of the site symmetry from cubic to
rhombohedral yields a distortion of the cubic cell along one of
the body diagonals (111), and, consequently, the line splits
due to the emergence of an electric field gradient (EFG) at the
gallium sites. The interaction between the electric quadrupole
moment of the Ga nuclei with nuclear spin I = 3/2 and the
EFG of surrounding charges splits the signal into a central line
and two satellites, where the distance of the satellite lines
depends on the orientation of the principal axes of the EFG ten-
sor with respect to the direction of the externally applied mag-
netic field H. Please note that, in the magnetic-field region
investigated here, the electronic magnetization is saturated
and points along the applied field, irrespective of its orientation.
As the orientation of the EFG is different for Ga nuclei located in
different rthombohedral domains for a general field direction,
we expect a central line accompanied by several pairs of satellites
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Figure 1. Temperature dependence of "'Ga NMR spectra in GaV,Ss.
Below the Jahn—Teller transition at T;y = 43.5K, the deformation of the
GaS$, clusters yields electric field gradients which split the single-line spec-
trum observed for T < Tj7 into several lines. At yoH = 2.93T, an addi-
tional line from boron "B is an artifact related to details of the
experimental setup. Upper inset: magnification of the temperature range
42.53 < T < 44K around the Jahn-Teller transition. Lower inset: spec-
trum for HI|[100] at T = 4.2K < T, where the condition of the “magic
angle” is fulfilled for all domain contributions simultaneously, resulting
in a single, solitary spectral line.

as observed for H||[111] in Figure 1 below Tjr. For the so called
“magic angle” (54.7°) between the direction of the EFG and the
direction of the externally applied magnetic field H, the interac-
tion between the nuclear quadrupole moment and the surround-
ing EFG vanishes and the spilt spectral pattern collapses into one
single, solitary spectral line. Such situation is documented in the
lower inset of Figure 1 for H||[100] at 4.2 K, where the distortion
axes of all domains span the “magic angle” with the externally
applied field H, resulting in the single, solitary line observed.
A closer inspection of the orientation H||[111] is displayed in
Figure 2, where the simulation of the spectra (green solid line)
comprises two quadrupole—split patterns due to the coexistence
of four different rhombohedral domains:™" one domain with its
magnetic easy axis oriented parallel to the applied field H along
[111] (red dotted line, 0°), whereas each easy axis of the other
three domains all span 71° with H||[111] (blue dashed line).
In the magnetically ordered state, below T¢ = 13 K, the internal
magnetic field shows a difference of 40 mT between the unique
domain and the other three domains (cf. Figure 2, bottom
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Figure 2. "'Ga NMR spectra (black open circles) for the rhombohedral
phase below the Jahn-Teller transition at T = 19K > T¢ (upper frame)
and within the magnetically ordered state at T = 4.2 K < T¢ (lower frame),
respectively. The dashed and dotted lines are simulations for quadrupole
splittings of different contributions from several crystal domains, added
together (green solid line). Note that, at 19 K, the discrepancy visible at
2.93T is due to the ''B line.

frame), as it is unambiguously observed due to the shift between
the central lines. Here, the coincidence of the central lines
observed for the different domains at elevated temperatures
Tc < T < Ty is lifted-up, as a consequence of the thombohe-
dral anisotropy of the hyperfine coupling tensor at the gallium
sites. From our simulations, we deduce the major component
V,, of the axially symmetric EFG tensor at the Ga site
V,, =727 x 109 Vm2

Figure 3 shows the temperature dependence of the EFG for-
mation deduced from our NMR experiments toward decreasing
temperatures, which concomitantly evolves with the temperature-
dependent dielectric polarization P as determined from pyrocur-
rent measurements performed on a (111)-plane contacted GaV, Sg
single crystal in a Quantum Design PPMS. Such behavior is well
known in case of ferro- or antiferroelectric phase transitions,”
which allows for the investigation of structural distortions from
a local point of view, irrespective of different domain orientations
which always have to be taken into account probing the bulk. From
the temperature-dependent line shift K of the spectra in Figure 1,
we determine the hyperfine coupling constant Ay via the relation
K = Ayr - x + Ko, where y is the bulk susceptibility obtained from
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Figure 3. Temperature dependence of the quadrupole frequency v of the
"1Ga nuclei (open circles, left axis) and of the dielectric polarization P in
GaV,Sg (blue data, right axis). The red line is a fit to the temperature-
dependent  quadrupole coupling v -(1—T/Tjr)? for GaV,Ss
(Tyr = 44K), where f=0.07 and vo =0.94MHz. Inset: Jaccarino—
Clogston plot yields the hyperfine coupling constant Au; = 5.35kOe/ug
of the gallium isotope.

a SQUID-measurement in a Quantum Design MPMS5 magne-
tometer and K| is the temperature-independent chemical shift.
This relation correlates the electronic spin susceptibility and the
line shift with temperature T as an implicit parameter and
gives the nuclear hyperfine field in terms of Bohr magnetons.*"
A fitin the paramagnetic temperature range 23 < T < 50 K gives
the value Ay = 5.35kOe/up (cf. red solid line in the inset of
Figure 3).

4. Model Calculations of Collective Magnetic
Excitations

Previously, we have discussed the magnetic resonance modes
observed in Cyc, Néel-type SkL, and FM phases of GaV,Sg*”!
from an experimental point of view and in analogy to the modes
reported from helical, Bloch-type skyrmion, and conical phases
in MnSi**?*¥ and Cu,0SeQ;. We identified the three character-
istic resonance modes known from Bloch-type SkLs, i.e., clock-
wise (CW), counterclockwise (CCW), and breathing (BR) mode,
in the Néel-type SKL as well. In the following, we refine our
analysis based on a rigorous theoretical treatment of the spin
dynamics in GaV,Ss.

Before we will discuss the results of our ESR experiments, it is
instructive to present model calculations of the resonant excita-
tions in the different magnetic phases of lacunar spinels. For the
theoretical description of the magnetic resonance modes,
we start from the energy density functional for a noncentrosym-
metric ferromagnet with symmetry C,, consisting of contribu-
tions from symmetric exchange, DM interaction, Zeeman
energy, and uniaxial anisotropy attributed to the low-temperature
Jahn-Teller distorted rhombohedral crystal structure, given by

om;\ 2
W:Z(a—xj) +12 1Y —m-h—k,m? (1)
i,j r
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Here, the space coordinates x are measured in units of the char-
acteristic length L = A/ D of the modulated spin structure, where
A and D denote the exchange stiffness and DM constant, respec-
tively. In these units, the spiral period in zero magnetic field and
zero anisotropy equals A = 4x L. The Cartesian coordinate system
is defined such that the plane of the SKL coincides with the xy
plane and the skyrmion cores are coaligned with the z direction,
i.e., the [111] axis of rhombohedral distortion. m = M/M is the
normalized magnetization and h = H/H, the magnetic field
with Hy = D?/AM. The uniaxial anisotropy constant k, =
K,M?A/D? is adapted correspondingly. The Lifshitz invariants
for the given crystal symmetry read

L(x) —m amz —m amx 2
U ox Z\ 0x @)

and analogously Lg), which confine the propagation vector of the
modulated states, i.e., cycloids or skyrmions, to the xy plane.
As in the lacunar spinels under consideration, L is not very large
as compared with the distance of neighboring spins, it is neces-
sary to consider a discrete variant of the above model with clas-
sical spins S; normalized to unit length S = 1 on a square-lattice
following ref. [34]. The energy-density functional then reads

w= ZSi-Sifz[h.5i+ku(Si,n)2]

<i,j> i

J - —
-5 Xi:[(si 8,5) ¥~ (S-S, 5) % 3)

with h = HJ/D? and k, = K, J/D?. The sum < i,j > runs over
nearest neighbors. X, ¥, and n denote unit vectors along x and y
directions, and the rhombohedral axis, respectively.

The dynamics was investigated following ref. [35] with the
additional possibility of oblique magnetic fields.”® This option
gives an important insight, since the Néel skyrmions do not
co-align with the external magnetic field but stay confined to
the direction to the axis of anisotropy, the rhombohedral axis
in the present case, in strong contrast to cubic skyrmion hosts.
First of all, a starting spin configuration close to the global opti-
mum was found by simulated cooling and improved via relaxa-
tion by Landau-Lifshitz-Gilbert (LLG) equation. Then an
oscillating magnetic field was added and, again based on LLG
equation, the imaginary part of the dynamic susceptibility was
numerically calculated using the fourth-order Runge-Kutta
method.

In the Cyc phase, as shown in Figure 4, one obtains two reso-
nance modes, which are degenerate for the isotropic case, but
split linearly on increasing uniaxial anisotropy k,,. From the fre-
quency ratio of 3:1, which corresponds to the Cyc modes
(15 and 5 GHz) observed in GaV,Sg at 11 K,*! we obtain the
anisotropy constant k, = 0.37. This value is used for further
simulations of the magnetic-field dependence of the resonance
spectra based on the LLG equation. Figure 5a shows the evolu-
tion for the magnetic field applied along one of the (100) direc-
tions, which span an angle of 54.7° with respect to each of the
four possible easy (111) axes of rhombohedral distortion,
i.e., the effective field is the same in all four domains.
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Figure 4. Color-coded plot of the normalized eigenfrequencies = QJ/D?
of the resonant modes in the Cyc phase dependent on the strength of
uniaxial anisotropy k. Turquoise blue color defines the zero level, whereas
red color indicates maximum absorption.

breathing

breathing

Figure 5. Color-coded plots of microwave absorption dependent on mag-
netic field h and angle a between h and skyrmion axis (111) for k, = 0.37:
dark blue color defines the zero level, whereas red color indicates maxi-
mum absorption. Upper frame (a): Field dependence of the normalized
frequencies @ = QJ/D? of resonant modes in Cyc, SkL, and FM phase for
the static magnetic field applied along the (100) axis (i.e.,
a=0.95 = 54,7°). Lower frame: Dependence of the skyrmion modes
on the angle a for the magnetic microwave field applied
b) perpendicular and c) parallel to the static magnetic field chosen as
h = 0.6, respectively.

Starting from h = 0, the Cyc modes are only slightly depen-
dent on the magnetic field in the range h < 0.4, but reveal a sig-
nificant change when entering the SKL phase. While the lower
(CCW) mode continues to increase with the field, the upper
(CW) mode exhibits a discontinuous shift to higher frequency
and its intensity weakens. Moreover, a third mode, i.e., the
BR mode, appears below the lower mode. Notably, above the
CW mode another weak excitation shows up. The calculated
branches in the SkL phase of Figure 5a substantiate the original
conclusion drawn from the field dependence of experimentally
detected resonances in ref. [25] that the energetic hierarchy of
BR, CCW, and CW in GaV,Sg is different from the hierarchy
CCW, BR, and CW in the previously studied chiral magnet
Cu,0Se0;. Finally, in the ferromagnetic phase one obtains
the classical FMR attributed to uniform spin precession.
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www.pss-b.com

It is also instructive to model the SkL modes dependent on the
angle between the external magnetic field and the easy axis.
Figure 5b shows the decrease in the eigenfrequencies of CW
and CCW mode with increasing declination of the magnetic field
from the (111} axis for angles up to 54.7 °, corresponding to the
(100) direction. The BR mode and the excitation above the CW
mode appear only for angles larger than 35°. While in panel (b),
the magnetic microwave field is applied perpendicular to the
static magnetic field, it is oriented parallel to the static field in
the frame (c). Here, the angular-independent breathing mode
dominates for all static-field directions, whereas the CCW mode
appears only for angles above 25° and the CW mode remains
invisible at all.

5. Electron Spin Resonance

Broadband ESR spectroscopy was performed by means of induc-
tive coupling of the sample to microwave fields of variable fre-
quency between 10MHz and 35GHz above a coplanar
waveguide (CPW) within a given external static magnetic field.
A network analyzer recorded the transmission of the microwave
through the CPW in terms of the amplitude of the scattering
parameter |S;;|. To reduce field-independent microwave
responses in the setup, all spectra shown here are difference
spectra A| Sy, (v)| obtained after subtraction of an appropriate ref-
erence spectrum. Further details can be found in refs. [32,36].
For the data shown in Figure 6 and 7, the signal line was
20 pm wide, i.e., smaller than the diameter of the plate-like sam-
ples of about 1 mm. Such an approach allows to detect modes of
CW, CCW, and BR character, as the microwave magnetic field
provides field components parallel and perpendicular to the
applied magnetic field. The external static field was applied
perpendicular to the CPW plane. As reference we subtracted
the spectrum |SIYf (v)| taken at 2 T from the recorded spectra
[S12()|.B¥ In case of the measurements illustrated in
Figure 8 and 9, the CPW center conductor was 100 pm wide,
the external static field was applied within the CPW plane,
and as reference spectrum, we used the median of all spectra
of a given experimental series.l*®

Figure 6 illustrates the evolution of the frequency-dependent
ESR spectra in GaV,Sg on passing all three phases from the Cyc,
through the SkL into the FM-polarized phase at T = 12 K for the
magnetic field applied along the [001] direction, where all
domains yield equivalent signals. The observed resonances have
been fitted by asymmetric Lorentzian lines accounting for some
contribution «a of dispersion to the absorption signal as given by

_ Tesp[Av + a(v — v)]
(v —rp)* + Av?

P(v) (4)
Here Iggg, vy, and Av denote the intensity, resonance frequency,
and line width, respectively. The nonzero dispersion to absorp-
tion ratio @, which in the present case exhibits values a < 0.2,
arises for reasons of the excitation and detection geometry of
the CPW. In the Cyc phase for 0 < H < 600 Oe, the low-fre-
quency resonance is well described by a single Lorentzian 1,
whereas the high-field resonance is rather represented by the
sum of two Lorentzians 2+ 3. On entering the SkL phase at
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Figure 6. Broadband microwave transmission spectra |S;,| of GaV,Sg
taken at T = 12K for different magnetic fields applied along the cubic
[001] direction in Cyc (green), SkL (orange), and FM (blue) phases.
Black solid lines represent fits by Lorentzian lines as described in the text.

H =700 Oe, line 4, also well described by a single Lorentzian,
separates from line 1. Both lines remain present throughout
the SKL phase but fade out on entering the FM phase above
1300 Oe. In contrast, lines 2 and 3 strengthen on passing the
SKkL phase and become dominant in the FM phase.

The fitting results are depicted in Figure 7. Within the Cyc
phase both the low-frequency and high-frequency resonances
show up at frequencies 5.2 and 14.2/15.8 GHz, respectively, with
approximately field-independent intensities. This is basically in
agreement with the simulations Figure 5a, where, although
the additional splitting of the upper line is not resolved, the upper
line at least turns out to be broader than the lower line. Returning
to the experimental data in Figure 7, at the transition into the SkL
phase the two upper lines slightly shift, while the lower mode
splits into two lines at about 4 and 7 GHz. Indeed the simulation
in Figure 5a nicely reproduces the splitting of the lower
mode and even resolves the splitting of the upper mode.
Concerning the intensities of the experimental data, the two
upper lines dominate, whereas the two lower lines continuously
weaken on increasing field and their intensities approach zero at
1500 Oe. Here, a direct comparison with the simulations is not
conclusive, as the excitation geometry of the CPW produces a
coherent mixture of transverse and longitudinal microwave
fields. Finally, in the FM phase the intensity of line 2 linearly
increases on increasing field, while line 3 crosses to slightly lower
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Figure 7. Field dependence of a) the frequencies of resonant modes of
GaV,Sg in Cyc, SkL, and FM phase and b) corresponding intensities as
obtained from the fitting of the spectra shown in Figure 6. Note that, lines
2 and 3 can be unequivocally separated throughout the whole field regime:
at the crossing of the intensities at H = 1.2 kOe, the resonance fields are
well separated and at the crossing of the resonance frequencies at
H = 1.6 kOe, the lines can be distinguished by their intensities.

frequency and practically merges with line 2. Although the sim-
ulations predict a quite continuous transformation of the lower
Cyc mode 1 via the CCW mode 4 into the ferromagnetic reso-
nance 2, the experiment rather suggests a continuation of line
2 through all three phases. However, so far the simulations
did not take into account possible anisotropic g values and
demagnetization effects due to the sample shape, which are
essential for a fully realistic modeling of the data.
Nevertheless, our present state of the analysis successfully
describes the observed collective excitations in the SkL of
GaV,Sg. Especially, the coexistence of two lines close to
15 GHz is established and also in agreement with the theoretical
simulations, which predict such a pattern for the SkL phase in
oblique fields on approaching the (100) directions. For H||[111]
and H||[110], a splitting of the upper mode could not be resolved.
Detailed frequency-field diagrams for those orientations have
been shown in ref. [25]. While for H||[111] Cyc and SKL phases
of the easy domain and the three other domains, which are tilted
by 70.5°, can be simultaneously observed and well resolved,
in case of H||[110], only the two domains tilted by 35.3° host
a SKL. But for the other two domains with the easy axes perpen-
dicular to the field, the Cyc phase directly transforms into the FM
phase. This transition we want to trace in more detail now.
Figure 8 shows color-coded plots of microwave absorption
spectra of GaV,Sg dependent on magnetic field and frequency
at different temperatures for the magnetic field applied along
the [110] direction. At T = 2 K, the ferromagnetic resonance start-
ing from 22 GHz at H = 0 splits into two branches. One of them,
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Figure 8. Color-coded plots of the transmission spectra |S;,| of GaV,Sg in
the frequency versus magnetic field plane at different temperatures for the
field applied along the cubic [110] direction (red: zero level, blue: strong
absorption, the intermediate white color has been shifted to emphasize
weak amplitudes). The bottom frames display the field dependence of
the ferromagnetic resonance frequency (green) and the equilibrium angle
& of the magnetization (purple) for the magnetic field applied perpendicu-
lar to the easy [111] axis and a small misalignment of 0.5°, respectively.
Field-independent signatures in the four upper panels are attributed to
resonances in the CPW and microwave cables.

which can be ascribed to the domains with their easy [111] axis
spanning an angle of 35.3° with the magnetic field, increases lin-
early with the field. The other one arising from the domains, for
which the easy [111] axis spans an angle of 90° with the magnetic
field, decreases with negative curvature, takes a minimum at about
9kOe, and increases again approaching a linear dependence for
higher fields. Note that, the weaker broad low-frequency absorp-
tion at fields below 3 kOe is an artifact of the used CPW. The spec-
tratakenat T = 3 K with another CPW working only up to 20 GHz
does not reveal this artifact in that field-frequency range. At
T = 7K, the domains with the easy axis oriented at 90° clearly
show the low-frequency Cyc mode at 3 GHz persisting up to
7kOe, where it meets the down turning resonance branch on
the transition into the ferromagnetically polarized phase. No
SKL phase shows up for these domains as documented by the
spectra at T = 11K. Cyc and SKL phases of the domains with
the easy axis oriented at 35.3°, which show up at fields below
1kOe, cannot be resolved here due to the coarse field scale.

The ferromagnetic resonance for the domains with the easy
axis close to the external field follows a linear dependence, while
for the domains with the field applied perpendicular to the easy
axis, the field dependence of the eigenfrequency exhibits a non-
monotonous field dependence. This can be numerically simu-
lated based on the Smit-Suhl formulal®”)
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with the free energy F consisting of the sum of Zeeman energy
F;.. = —M - H, of the magnetization M in the magnetic field H,
the demagnetizaton Fy.,,, = MNM with the demagnetization ten-
sor N, resulting from the shape of the sample, and uniaxial
anisotropy energy F,,; = —K,sin?5, where § denotes the angle
between [111] axis and magnetization M. In our case, the sample
is a thin disk within the (110) plane. The orientation of the mag-
netization is defined by the angles 0 and ¢, which denote the
polar angle with respect to the normal of the disk plane and
the azimuth angle with respect to the [100] axis, respectively.
The orientation of the magnetic field is given analogously by
0y and @y. Minimization of the free energy yields the equilib-
rium angle 6 of the magnetization with respect to the easy axis
and the corresponding resonance frequency for a given magnetic
field.

The lower left frame of Figure 8 shows the result of the cal-
culations. As long as the external field is smaller than the anisot-
ropy field the magnetization is gradually rotated from the [111]
axis (6 = 0°) to the direction of the magnetic field (§ = 90°). In
this case, the resonance frequency decreases down to zero until
the magnetization is parallel to the external field. Below the
anisotropy field the resonance corresponds to the not-aligned
FMR mode, whereas for fields above the anisotropy field the sce-
nario of the aligned mode is reached and its frequency increases
with the applied field. To observe this downturn to exactly zero
frequency demands a very accurate orientation of the sample.
The lower right frame shows the calculated field dependence
of the eigenfrequency for a slight misalignment of 0.5°, only.
In this case, the minimum eigenfrequency is already signifi-
cantly larger than zero. These calculations nicely match the
experimentally observed field dependence of the ferromagnetic
resonance on passing from the not-aligned to aligned
FMR mode.

In GaV,Seg, the easy-plane anisotropy gives rise to a different
behavior, as illustrated in Figure 9. This is best documented by
the spectra obtained for HJ|[111] on the left-hand side of
Figure 9, i.e., H is applied along the hard axis. For all temper-
atures, the zero-field spectra exhibit the two resonance
modes characteristic of the Cyc phase. At T = 4K, they reside
at 6 and 12.5 GHz. At T = 10K, the corresponding resonance
frequencies are slightly smaller. The frequency of the upper
mode decreases significantly on increasing field, whereas the fre-
quency of the lower mode increases only slightly until both
modes unite at about HZ' = 1.5 KOe. At this field value, the three
domains with the hard axis spanning an angle of 71° with the
magnetic field, undergo the phase transition into the
FM-polarized phase. The frequency of the united FMR increases
linearly on further increasing field. Moreover, a new resonance
with a frequency of 2.5 GHz appears close to H%, = 1kOe, at the
transition from the Cyc into the SKL phase of the remaining
domain with the hard axis parallel to the field. Its frequency
varies slightly up to H2, = 4kOe, where the transition into
the FM phase takes place. To higher fields, the corresponding
FMR frequency increases with a slope comparable to the main
resonance of the three other domains. Thus, the mode at
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Figure 9. Color-coded plots of the transmission spectra |S;, | of GaV,Seg in the frequency versus magnetic field plane at temperatures of 4 and 10 K for the
static field applied along the cubic [111] direction (left frames) and [110] direction (right frames), red: zero level, blue: strong absorption. Horizontal
features are attributed to resonances in the CPW and cables. The magnetic phases and corresponding transitions for the different crystallographic
domains characterized by their orientation (0°, 35°, 71°, and 90°) with respect to the external magnetic field are explained in the text.

2.5 GHz represents one of the three characteristic modes of the
SkL. Looking closer to the data, one recognizes a second mode of
the SKL phase which separates from the upper mode of the Cyc
phase close to H2, with a frequency of~10GHz (cf. solid
arrows). This second mode crosses the FMR of the three other
domains and appears again above 2.5kOe at 8GHz.
To higher fields, it is bent further down towards the mode at
2.5 GHz. The existence of a third mode (cf. dotted arrow) is sug-
gested by a weak absorption appearing at about 6 GHz above HZ!
between the other two SkL modes.

For H||[110], the two domains with their hard axis perpendic-
ular to the field show only the Cyc to FM transition at HY ~
1.5kOe with the unification of the two Cyc modes into one
FMR line, as depicted on the right-hand side of Figure 9.
However, for those domains with the hard axis spanning an
angle of 35.3°, the appearance of the resonance line at
2.5 GHz between HE, 2 0.8kOe and H3} ~ 1.2kOe establishes
the onset of the SkL phase and reentrance of the Cyc phase before
its transition into the FM phase at about H, ~ 2.1kOe. Due to
the increase in the anisotropy on decreasing temperature the SkL
phase and re-entrance to the Cyc phase is only observable at inter-
mediate temperatures but disappears below 7 K.?®*! For a
future detailed investigation of the SkL modes, it will be neces-
sary to prepare a single-domain crystal by poling the sample in
strong external fields during cooling through the Jahn-Teller
transition.*”)
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6. Conclusion

We have discussed NMR and ESR data of the lacunar spinels
GaV,Sg and GaV,Seg. NMR turned out to be very sensitive to
structural distortions due to the Jahn-Teller effect. The splitting
of the spectra due to the interaction between the nuclear quad-
rupole moment and surrounding charges serves as a local mea-
sure of the dielectric polarization, whereas the line shift of the
spectra probes the local magnetic susceptibility. The eigenmodes
of the collective excitations have been experimentally detected by
broadband ESR technique and theoretically calculated for all
magnetic phases of GaV,Sg with easy-axis magnetic anisotropy.
In the Cyc phase, the basic splitting of the eigenmodes arises
from the uniaxial anisotropy of the rhombohedrally distorted
domains. In the Néel-type SKL phase, CW, CCW, and BR modes
have been identified and a further splitting of the CW mode was
established in oblique magnetic fields. Our first results of broad-
band ESR measurements in the easy-plane compound GaV,Seg
reveal the broad SKL regime for the domain with its thombohe-
dral axis aligned parallel to the magnetic field and a strong ori-
entation dependence of the SkL phase with respect to the
magnetic field. Further theoretical considerations including
the anisotropy of g values and demagnetization due to sample
shape are necessary to understand all details of resonance shifts
and intensities of the observed ESR spectra.
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