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The planar triangular S = 3/2 magnet AgCrSe,: magnetic frustration, short range
correlations, and field tuned anisotropic cycloidal magnetic order
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Single crystals of the hexagonal triangular lattice compound AgCrSes have been grown by chemical
vapor transport. The crystals have been carefully characterized and studied by magnetic suscep-
tibility, magnetization, specific heat and thermal expansion. In addition, we used Cr-electron spin
resonance and neutron diffraction to probe the Cr-3d®> — magnetism microscopically. To obtain
the electronic density of states, we employed X-ray absorption and resonant photoemission spec-
troscopy (resPES) in combination with density functional theory calculations. Our studies evidence
an anisotropic magnetic order below T = 32 K. Susceptibility data in small fields of about 1 T
reveal an antiferromagnetic (AFM) type of order for H L ¢, whereas for H || ¢ the data are remi-
niscent of a field-induced ferromagnetic (FM) structure. At low temperatures and for H L ¢, the
field-dependent magnetization and AC susceptibility data evidence a metamagnetic transition at
H*' =5 T, which is absent for H || c. We assign this to a transition from a planar cycloidal spin
structure at low fields to a planar fan-like arrangement above HV. A fully ferromagnetically po-
larized state is obtained above the saturation field of H ;s = 23.7 T at 2 K with a magnetization
of My = 2.8 ug/Cr. For H | ¢, M(H) monotonously increases and saturates at the same M,
value at Hjg = 25.1 T at 4.2 K. Above Ty, the magnetic susceptibility and specific heat indi-
cate signatures of two dimensional (2D) frustration related to the presence of planar ferromagnetic
and antiferromagnetic exchange interactions. We found a pronounced nearly isotropic maximum
in both properties at about T* = 45 K, which is a clear fingerprint of short-range correlations
and emergent spin fluctuations. Calculations based on a planar 2D Heisenberg model support our
experimental findings and suggest a predominant FM exchange among nearest and AFM exchange
among third-nearest neighbors. Only a minor contribution might be assigned to the antisymmetric
Dzyaloshinskii-Moriya interaction possible related to the non-centrosymmetric polar space group
R3m. Due to these competing interactions, the magnetism in AgCrSesz, in contrast to the oxy-
gen based delafossites, can be tuned by relatively small, experimentally accessible, magnetic fields,
allowing us to establish the complete anisotropic magnetic H — T phase diagram in detail.

I. INTRODUCTION

formation of Dirac nodes near the Fermi level in the elec-

Covalently bonded two dimensional (2D) structures are
frequently found with the triangular motif realized by a
simple planar hexagonal lattice, in particular, but also by
more complex distinguished 2D planar geometries such as
the honeycomb-lattice. Anisotropic metallic conductiv-
ity due to anisotropic hybridization of electronic states
evolves through a bonding situation given by the crys-
tal structure. The simplest examples are graphite and
graphene crystallizing in a hexagonal and a honeycomb
lattice, respectively. The latter exhibits very intriguing
properties, such as high charge-carrier mobility due to the
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tronic band structure [I]. Other examples for inorganic
2D materials are hexagonal boron nitrides and transition-
metal chalcogenides [2]. The triangular lattice delafos-
site PdCoOs belongs to the latter material class, which
is characterized by an unusually high in-plane charge-
carrier mobility [3,[4]. Some organic BETS- and ET-salts
also exhibit a layered triangular structure. They become
metallic and even superconducting under pressure. Here
the molecular Mott insulator k-ET2Ags(CN)s [5] shows
in a remarkable way a pressure-induced crossover from
a spin liquid in the Mott insulator state to a correlated
Fermi liquid in the metallic state. Planar magnetic tri-
angular lattices with spin 1/2 ions, such as Cu?*, favor
the evolution of a gapless spin liquid ground state, e.g.
BagCuSbyOg [6], which was already predicted by An-
derson 40 years ago [7]. Recently, 2D magnetic van der
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Waals magnets, such as CroGesTeg, CrClg, or RuCls,
gained a lot of attention in view of device applications
and fundamental research [§]. Some of them are metal-
lic with a rather high charge carrier mobility along the
layers, e.g. GdTes [9]. Especially, if the structure lacks
inversion symmetry a moderate spin-orbit interaction can
promote the emergence of complex chiral magnetic tex-
tures, such as skyrmions [10]. Consequently, it is very
appealing to study magnetic ions on a perfect triangular
lattice, in a system with a strong 2D-like conductivity,
which in addition lacks inversion symmetry. Here, spin
and charge degrees of freedom couple and, in the pres-
ence of a moderate spin-orbit interaction, spin polarized
bands, anisotropic complex magnetic ordering, piezoelec-
tricity, multiferroicity and an unconventional magneto-
transport can be expected [TTHIJ).

All these preconditions are fulfilled in the system
AgCrSes which in an extended sense belongs to the class
of delafossites. Only recently a study on AgCrSes single
crystals confirmed reasonably metallic behavior in the
plane, perpendicular to the ¢ axis, with p; ~ 3 mQcm
and insulating behavior perpendicular to the plane, par-
allel to the ¢ axis, with a resistivity ratio of about
p/pL = 100 at 2 K [14,[15]. This suggests that AgCrSe
is an anisotropic degenerated p-type semiconductor with
a finite density of states (DOS) at the Fermi level, yield-
ing a charge carrier density of about 7.6 x 10 em=3
at 300 K [I4]. Early experimental studies on poly-
crystalline samples combined with band-structure cal-
culations already predicted in-plane ferromagnetism and
spin polarized bands at the verge of metallicity [16]. In
particular, it should be emphasized that, unlike most
delafossites which crystallize in the rhombohedral a-
NaFeOy structure, space group R3m [, [I7], AgCrSe,
exhibits a hexagonal structure, with different Ag coor-
dination, at room temperature. Moreover, AgCrSe; un-
dergoes a structural transition at about 450 K from non-
centrosymmetric polar R3m symmetry at low tempera-
tures to centrosymmetric R3m symmetry at high tem-
peratures [I8H20]. Therefore, in strong contrast to most
other delafossites, asymmetric exchange interactions be-
tween the Cr ions are possible in AgCrSes. This allows,
in addition, to the Heisenberg superexchange and a pos-
sible weak Ruderman-Kittel-Kasuya-Yosida (RKKY) ex-
change, a sizable Dzyaloshinskii-Moriya (DM) interac-
tion between the magnetic ions [2I]. This favors chiral
magnetic phases in general and unconventional transport
properties in particular. Prominent examples here are
the B20 skyrmion compounds MnSi and FeGe [10, 22],
the half Heusler compounds, such as MnsSn, [23], and
the Cr-Nb-chalcogenide Cri/3NbSy [24]. Furthermore,
the spin-orbit interaction in combination with the po-
lar space group supports the presence of a Rashba effect
which is expected to have a strong impact on the elec-
tronic (magneto) transport.

Delafossite-type structures form as A R3t X3~
where A is an alkaline-metal (Li, Na, K, Rb, Cs) or a
monovalent transition-metal ion (Pd, Pt, or Cu, Ag), R is

a trivalent transition metal or rare-earth ion which might
be magnetic (Ti, V, Cr, Fe, Ce, or Yb) or nonmagnetic
(Al, Ga, In, T1, or Co, Rh), and X stands for a chalco-
gen [I7]. So far, most of the research carried out was on
oxygen-based delafossites, featuring a wide variety of top-
ical phenomena, including superconductivity (Na,CoOs)
[25], large thermoelectricity (Cu[Rh,Mg]O2) [26], multi-
ferroicity (CuFeOs) [27], hydrodynamic 2D conductivity
(PACoOs) [3], and spin-orbit driven frustration on a per-
fect triangular lattice (NaYbOg) [28].

In that respect, it seems to be promising to move from
the field of oxygen-based delafossites to the less studied
non-oxygen delafossites with S, Se, or Te. The varia-
tion of the ionic radii of the mono- and trivalent ions
mainly tunes the lattice parameters. The monovalent
ion dominates the conductivity and has a strong impact
on the density of states (DOS) at the Fermi level. The
choice of the chalcogenide ion itself has a sizable impact
on the band structure and the DOS. For example, the
oxygen-based delafossite PdCoOs has a unique quasi-2D
conductivity and the DOS at the Fermi level has pre-
dominant Pd character and shows a minor chalcogenide
2p-electron admixture. The same is true for its magnetic
relative PACrO2 which is a rather unusual itinerant mag-
net with short-range correlations and a rather strong an-
tiferromagnetic (AFM) exchange. Both systems are an
exception among oxygen-based delafossites whereas oth-
ers, such as CuCrOs and AgCrQOs, are found to be rather
bad metals. In contrast, in AgCrSy or AgCrSes the spa-
tially more extended 3(4)p-states of S and Se promote
the emergence of hybridized p-states near the Fermi level
which finally leads to reasonable metallic conductivity
[14]. To some extent, this is also found in Cr chalco-
genide spinel compounds [29, [30], but the exchange here
is three-dimensional which is in strong contrast to Cr-
delafossites. The hybridization enhances correlation ef-
fects between spin and charge in general and together
with the emergence of strong spin polarization, fosters
unconventional magnetism and (magneto-) transport.

As mentioned above, the non oxygen-based chromium
delafossites are hardly investigated and most of the re-
search was done on polycrystalline material. We have
been able to grow large high quality single crystals us-
ing vapor transport techniques. The single crystals al-
low to study the temperature and field dependence of
the anisotropic magnetism and to map out the H — T
phase diagram of AgCrSe;. Whereas the magnetism
in chromium oxygen-based delafossites, e.g. CuCrOa, is
quite robust against applied magnetic fields and no sat-
uration of the magnetization occurs up to 100 T [3I], we
show that the magnetism of AgCrSes can be easily tuned
to saturation by magnetic fields in the range of a few tens
of tesla and that the expected saturation magnetization
for S =3/2 Cr** close to 3 up/Cr is obtained. Further-
more, we combine our magnetization studies with heat
capacity, thermal expansion, electron spin resonance, and
neutron diffraction. The results are discussed in terms of
a frustrated 2D triangular S = 3/2 lattice with com-



peting exchange interactions among nearest neighbors
(ferromagnetic) and third-nearest neighbors (antiferro-
magnetic) within the plane. The parameters used in the
presented exchange model provide a very good descrip-
tion of the experimentally determined saturation fields
and Weiss temperature. The neutron diffraction data
confirms the magnetic transition to a complex planar cy-
cloidal magnetic order with a rather long period (about
164 A) in (1,1,0) direction [32]. The temperature depen-
dencies of specific heat, susceptibility and neutron Bragg-
peak intensities together with the rather small residual
entropy (0.2R1n4) point at the emergence of anisotropic,
possibly chiral, fluctuations in the vicinity of magnetic
order.

The manuscript is organized as follows. After the
overview on triangular lattice delafossite type systems,
we present the applied methods in Sec. II. In Sec. III,
we describe and discuss the experimental results: crys-
tal growth, electronic structure followed by the magnetic
and thermodynamic bulk measurements (susceptibility,
magnetization, specific heat and thermal expansion) up
to the two local probes applied (ESR spectroscopy and
neutron scattering). We then describe the exchange in a
2D Heisenberg model and present the H — T' phase dia-
gram. Finally in Sec. IV, we summarize all conclusions
and give an outlook on possible future experiments.

II. METHODS

Magnetization measurements were performed using
magnetic property measurement systems (MPMS and
MPMS3, Quantum Design) and the AC measurement
system option of the physical property measurement sys-
tem (PPMS, Quantum Design). The magnetization ex-
periments in pulsed magnetic fields up to 50 T were per-
formed at the Dresden High Magnetic Field Laboratory
(HLD) with a compensated pickup-coil system in a pulse-
field magnetometer in a home-built *He cryostat and a
pulsed magnet with an inner bore of 20 mm, powered by
a 1.44 MJ capacitor bank [33]. Specific heat was recorded
using the corresponding option of a PPMS. We investi-
gated the electron-spin resonance (ESR) of single crys-
talline AgCrSes using a standard continuous-wave ESR
setup at X-band frequency (9.4 GHz). The tempera-
ture was varied between 3 and 300 K with a He-flow
cryostat. ESR can be detected by the absorbed power
P of a transversal magnetic microwave field as a func-
tion of a static, external magnetic field poH. To im-
prove the signal-to-noise ratio, we used a lock-in tech-
nique by modulating the static field, which yields the
derivative of the resonance signal dP/dH. The measured
ESR spectra were fitted with a Lorentzian function in-
cluding the influence of the counter-rotating component
of the linearly polarized microwave field [34]. From the
fit we obtained the linewidth AH and the resonance field
H,.s which determines the ESR g-factor g = hv/pupHyes.
The ESR intensity Igsg is a measure of the local static

susceptibility of the probed ESR spin, i.e. in our case
the local susceptibility of the Cr3* spins [35]. We cal-
culated Igpsp ~ Amp - AH? which approximates the
integrated ESR absorption [36]. The thermal expan-
sion experiments were performed in a PPMS, equipped
with a custom designed high-resolution dilatometer [37].
Since temperature and magnetic field variations affects
both, the sample length and the length of the Be-Cu
dilatometer cell, a high purity copper plate (ADVENT
Research Materials Ltd. 99.995% Cu) of the same thick-
ness as the AgCrSes sample was used to calibrate the
cell background. Neutron powder diffraction data were
collected at the ISIS pulsed neutron and muon facility
of the Rutherford Appleton Laboratory (UK) on the
WISH diffractometer located at the second target sta-
tion [38]. The sample was loaded into cylindrical 3 mm
diameter vanadium cans and measured in the tempera-
ture range between 1.5 and 100 K (step size 5 K) using
an Oxford Instruments cryostat. Rietveld refinements of
the crystal and magnetic structures were performed us-
ing the FULLPROF program [39] against the data mea-
sured in detector banks at average 260 values of 27°, 58°,
90°, 122°, and 154°, each covering 32° of the scattering
plane. X-ray absorption (XAS) and resonant photoe-
mission spectroscopy (resPES) measurements were per-
formed at the APE-HE beamline at Elletra sincrotrone,
Italy. Samples were cleaved in-situ at a base pressure
lower than 107'° mbar. The measurements shown here
were performed using photon energies in the range of
~ 569 — 596 eV, with the sample held at a tempera-
ture of 100 K; very similar measurements were obtained
at room temperature. XAS was performed in the total
electron yield (TEY) mode. ResPES measurements were
performed using a Scienta Omicron R3000 hemispheri-
cal electron energy analyzer. The measured Fermi edge
of a gold reference sample was used for binding energy
calibration for the resPES, as well as to reference the
incident photon energy, assuming an analyser work func-
tion of 4.4 eV. The gold sample has been prepared via
argon sputtering to observe a clean surface. From the
width of the measured Fermi edge of the gold reference
sample, we estimate an experimental energy resolution
of ~0.4 eV. DFT electronic structure calculations were
performed using the full-potential FPLO code, version
fplo18.00-52 (http://www.iplo.de)) [40, 4I]. The calcula-
tions were based on the localized density approximation
(LDA) with Perdew-Wang-92 exchange-correlation func-
tional [42]. The correlation effect of the Cr-3d shell was
taken into account by the LDA+U method in the atomic-
limit flavour with U in the range of 0.5 — 6.0 eV. The
spin orbit coupling effect was treated non-perturbatively
by solving the full Kohn-Sham-Dirac equation [43]. The
rhombohedral unit cell in the space group No.160 (R3m)
was used, with the experimental lattice parameters of
a=b=3.6798 A, c =21.2250 A [44]. The Brillouin zone
was sampled with a k-mesh of 8000 k-points (20 x 20 x 20
mesh, 1540 points in the irreducible wedge of the Bril-
louin zone). The experimentally-measured DOS is addi-
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FIG. 1. Hexagonal lattice structure of AgCrSes (left) and
morphology of two crystals used in this study (right). The
lateral extension corresponds to the (a,b) - plane and the di-
rection perpendicular to it is the ¢ axis.

e

tionally broadened as compared to the calculations due
to finite lifetime effects as well as the experimental en-
ergy resolution. To aid comparison, the calculated DOS
has been convoluted with a Gaussian of full-width at half
maximum equal to the experimental energy resolution of
0.4eV.

III. RESULTS AND DISCUSSION

A. Single-crystal growth, crystal structure, and
characterization

We have grown high-quality AgCrSe; single crystals
with lateral dimensions of a few millimeter via chemical
transport reaction using chlorine as transport agent. In a
first step polycrystalline AgCrSe; material has been syn-
thesized by a direct reaction of the elements silver (pow-
der 99.999% Alfa Aesar), chromium (powder 99,99% Alfa
Aesar), and selenium (pieces 99.999% Alfa Aesar, pow-
dered) at 800°C in evacuated fused silica tubes within
14 days. Starting from this microcrystalline powder ma-
terial, AgCrSey crystallized by a chemical transport re-
action in a temperature gradient from 900°C (source)
to 800°C (sink), and a transport agent concentration of
3 mg/cm? chlorine. After 6 weeks, the experiment was
stopped by quenching the ampoule in cold water. Se-
lected crystals were characterized by energy-dispersive
X-ray spectroscopy (EDXS), wavelength-dispersive X-ray
spectroscopy (WDXS), X-ray powder diffraction, Laue
X-ray diffraction, and differential scanning calorimetry
(DSC). At 300 K, AgCrSey crystallizes in a hexagonal
structure (with R3m crystal symmetry) with alternating
AgSe, layers and CrSeg octahedral layers along the ¢ axis
[see Fig. [1] (left)] and lattice constants of a = 3.6824(3) A
and ¢ = 21.233(1) A, determined by powder X-ray
diffraction. Figure [1] (right panel) shows two crystals
from different crystal growths. Magnetization measure-
ments were performed on both crystals in great detail (see
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also the Supplemental Material [45]). High field magne-
tization measurements, electron spin resonance were per-
formed on MS1212 and specific heat studies on MS1262
and MS1212. Furthermore, the samples were investi-
gated with respect to the structural phase transition be-
tween 350 and 450 K by differential-scanning calorimetry
(DSC). Specific heat obtained by DSC was recorded on
crystal MS1212 upon heating and cooling. The heating
and cooling speed was 20 K/min. A hysteretic phase
transition is clearly visible (see the Supplemental Mate-
rial [45]). The chemical composition of AgCrSey crys-
tals was studied locally by energy dispersive x-ray spec-
troscopy (EDXS) (details in the Supplemental Material
[45]). Only rather small deviations from the nominal sto-
ichiometry were found. Although the variations are small
(and close to the experimental error), the trend is that
the crystals all have a slightly lower silver content and an
increased chromium content, which formally corresponds
to Agp.9oCry ggSes. Especially the silver content seems to
be important for the metallic conductivity as shown in a
separate study [I5]. A silver deficiency might lead to a
higher metallic conductivity [46] of the crystals. It seems
that a rather slight silver deficiency is an inherent feature
of our crystals. Initial resistivity and Hall measurements
on our AgCrSey crystals [I5] and our ESR study (see
Sec. clearly indicate metallic conductivity, which
is consistent with our EDX results and previous reports

0.

B. Electronic structure

Fig. [2h shows XAS measurements of the Cr Ly 3-edge.
Its shape is characteristic of a dominant Cr3* configu-
ration [47H49], and is similar to the XAS measured from
PdCrO, [48,49]. A Cr 3d? electronic configuration would
thus be expected to first order, with a half-filled ¢54 shell.
In the absence of strong electronic correlations or the for-
mation of local magnetic moments, this would lead to a
metallic ground state. Such itinerant Cr states are indeed
obtained from our non-magnetic density-functional cal-
culations within the local density approximation (Fig.
and Fig. . In contrast, our measurements of the valence
DOS (Fig. 2b) indicate only a weak step at the Fermi
level, with the majority of the occupied DOS located at
higher binding energy.

Our photoemission measurements were performed with
photon energies spanning the Cr Ls X-ray absorption
edge [Fig. [b)]. We observe a marked increase in the
spectral weight of the peak in the DOS centered at
~1.5 eV binding energy when the photon energy is tuned
into resonance with the corresponding Cr 2p — 3d tran-
sition. This indicates that this feature has a dominantly
Cr-derived character, whose spectral weight becomes en-
hanced ‘on-resonance’. To investigate this in more detail,
we take the difference of the photoemission spectra mea-
sured on and just below the resonance energy, allowing
us to extract an experimental measure of the Cr partial-
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FIG. 2. (a) X-ray absorption spectroscopy at the Cr Lo s-
edge, indicating a dominant Cr®" valence. (b) Angle-
integrated resonant photoemission measurements of the va-
lence band electronic structure, measured at the photon en-
ergies marked by the points in (a) which span across the Ls
edge. (c¢) The Cr partial density of states extracted exper-
imentally as the difference of the on- and off-resonant PES
spectra (hv = 576.5 eV and 569.4 eV, respectively (solid blue
line with shading). The dashed lines show the corresponding
Cr partial-DOS as determined by non-magnetic DFT, and by
LDA+U calculations for U = 0.75 €V and 3 eV, respectively.

DOS [Fig. c)]. This confirms that there is negligible
Cr-DOS at the Fermi level. As our measurements are
performed well above the magnetic ordering temperature
of AgCrSes (see below), this provides initial evidence for
the persistence of a well-defined local moment above Ty .

In PdCrOs, which has similar Cr-derived local mo-
ments persisting above Ty, the electronic structure of
the CrOs subsystem is best described as Mott insulat-
ing [48, B0]. In AgCrSes, however, the larger Se or-
bitals may lead to increased hybridization. Indeed, a
lack of definition in the Ls-edge XAS pre-peak structure
as compared to PdCrO; is consistent with an increased
hybridization with the ligand; similar to that observed
in other Cr-based chalcogenide and halide magnets such
as CraGegTeg [51] and Crlz [52]. This, in turn, would
weaken the electronic correlations. To quantify this, we
compare our experimental Cr partial-DOS with that cal-
culated from DFT (Fig. [2c and Fig. . A clear disagree-
ment is found with the non-magnetic DFT calculations,
where a large Cr-DOS is obtained at the Fermi level,
unlike that obtained experimentally. We thus compare
with magnetic LDA+U calculations, where the strength
of the Hubbard-U parameter is varied. Taking a value
of U = 3 eV, typical for Cr-based oxides [53] [64], we
find that the Cr-DOS is peaked at too high a binding
energy as compared to the experiment. Moreover, rather
than having a single dominant peak as for the U = 3 eV
calculations, the experimental partial DOS has a double-
peak structure with spectral weight distributed through-
out the valence band. Indeed, much better agreement
with both the locations and overall shape of the exper-
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FIG. 3. Total and partial electronic densities of states of
AgCrSes. (a) Non-magnetic metallic solution with dominat-
ing Cr 3d states at Er (b) Ferromagnetic insulating state in-
cluding spin orbit coupling for U = 0.75 eV and (c) U = 3 eV

imental DOS is obtained for calculations using a low U
value of 0.75 eV. This points to a much more weakly cor-
related state as compared to e.g. PdCrOs, where the
Cr-derived states in AgCrSe; become more strongly hy-
bridised with the ligand states. This can be expected to
have an important influence on the magnetic ordering in
AgCrSes, as discussed in detail below.

Carrying out DFT calculations for different settings
with respect to magnetism or electron correlation can
provide a deeper understanding for different features in
the underlying electronic structure, in particular the in-
fluence of the different constituents. Figure [3] shows the
total and partial DOS’s resulting from such calculations.
Panel a) shows a nonmagnetic calculation, resulting in
a metallic solution with dominating, half filled ¢54, Cr 3d
states (in terms of the local CrSeg octahedron) at the
Fermi level Er. With respect to the Cr states, this so-
lution is in clear contrast to the Cr partial DOS deter-
mined from photoemission experiments discussed above,
and also experiments which find the compound to be a
doped semiconductor with a small charge carrier den-
sity and magnetic moments on the Cr site. However,
the position of the Se and Ag states in the valence band
meets the expectations from related compounds: a rather
narrow Ag dominated band complex around —4 eV and
a broad Se contribution spread throughout the valence
band due to hybridization with both Cr and Ag.

To reflect more of the experimental properties, includ-
ing the local Cr moment should provide considerable im-



provement, leading to a split of the Cr to, states with
full spin polarization and the opening of a band gap. To
approximate the experimentally observed complex non-
collinear in-plane magnetic structure with a long prop-
agation vector (see below), we use ferromagnetic (FM)
order. As expected from a local moment picture, we find
the system to be insulating with a gap of about 12 meV
(not shown). The experimentally observed metallic con-
ductivity with a small charge carrier concentration is re-
lated to a inherent small Ag off-stoichiometry of our crys-
tals and the related self doping.

However, compared to the PES data, the FM calcula-
tion yield still a too high Cr contribution near Fp. A
likely explanation for this discrepancy are Coulomb cor-
relations in the Cr 3d shell. Since such correlation effects
are insufficiently described by standard DFT, we apply
FM LDA+U calculations to take them into account in a
mean field way. As discussed above, a rather moderate
value of U = 0.75 eV fits the PES data best [see Figs.[3(b)
and 2fc)]. Besides an increase of the band gap, the re-
spective small down shift of the Cr 3d states leads to a
mixture of Cr 3d and Se 4p states near Er with a larger
weight for the Se states. A larger U value of 3 eV, typical
for Cr-based oxides [53 [54], moves the Cr 3d states too
far down in energy (see Figs. [§[c) and [2|c)). In such a
scenario, the states near Fr are heavily dominated by
Se 4p contributions [see Fig. [3{c)], resulting in sizeably
increased dispersion of the respective bands [55].

Having adjusted U to fit the PES data, we further
analyse the resulting band structure. In a tight bind-
ing model for the o4 states, we find a dominant in-plane
dispersion with about equal contribution from first- and
third-nearest neighbors. The inclusion of spin orbit cou-
pling (SOC) leads to a significant additional split of the
order of 300 meV (on the I'-Z line) for the top of the
valence band. The details will be published elsewhere
[55].

C. Magnetic susceptibility and magnetization

Figure [4] shows the magnetic susceptibility of AgCrSes
as a function of temperature in a magnetic field of 1 T
applied in the (a,b) - plane H L ¢ and in the ¢ direction
H || ¢. Below the ordering temperature of Ty ~ 32 K a
strong magnetic anisotropy is observed. Above Ty, the
magnetic anisotropy disappears and a pronounced maxi-
mum at 7% = 46.3 K is found in x 1 () and x| (T'). Above
150 K, x 1 (T") and x(T') can be well fitted by a Curie-
Weiss (CW) law, yielding a positive Weiss temperature of
6 = 475 K and an effective moment of p.g = 3.57 up/Cr.
This value of peg is slightly smaller than the theoretical
prediction for the spin-only value of trivalent Cr (3d®)
with S = 3/2 and pti® = 3.87 up. A maximum at about
50 K, a Weiss temperature around 70 K and an effec-
tive moment of about peg = 3.52 pg/Cr have been also
reported in earlier studies on polycrystalline powdered
samples of AgCrSes [16] [56]. However, upon lowering the
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FIG. 4. Temperature dependence of the magnetic susceptibil-
ity (x| and x 1) of AgCrSez (MS1212) measured at yoH = 1T
(Left). The solid line corresponds to a Curie-Weiss fit. Each
measurement was first performed in zero-field-cooled (zfc) and
then in field-cooled (fc) mode. Inverse of the susceptibility as
a function of temperature (Right. Note that a paramagnetic
contribution for H || ¢ of xo,j = 0.0005 emu/mol was required
for a proper Curie-Weiss fit (CW) at high temperatures. Most
likely this stems from a van Vleck contribution (xvv) (esti-
mated from high field measurements (Fig. ) and a small
and negative diamagnetic contribution from the capton sam-
ple holder xo,| = xvv,| + Xdia-
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FIG. 5. First temperature derivative of the magnetic suscep-
tibility (x; and x1) of AgCrSex (MS1212) as a function of
temperature. The maximum in susceptibility at 7" = 46.3 K
(Fig. [4) is given by the high temperature zero crossing of the
derivative. The ordering temperature of Ty = 32 K is in-
dicated by a maximum in the derivative for H 1 ¢ and the
second zero crossing in the derivative for H || c.

temperature the susceptibility measurements on the pow-
der show a structure-less drop in susceptibility after pass-
ing through the maximum at about 50 K. To our knowl-
edge, so far neither directional measurements on single
crystals nor detailed studies on the field dependence of
the magnetization were reported for the Cr-sulfide or the
Cr-selenide delafossite systems in the literature. Thor-
ough early neutron diffraction experiments on polycrys-
talline AgCrSey; show a complex planar cycloidal spin
arrangement in the (1,1, 0) direction with a large period-
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FIG. 6. Temperature dependence of the magnetic susceptibil-
ity of AgCrSe; (MS1212) measured at various magnetic fields
for H L ¢ (left) and H || ¢ (right). All measurements are
performed in zfc/fc mode.

icity of about 164 A in zero field [32]. In the ¢ direction
the FM planes are antiferromagnetically coupled which
leads to a global AFM order. This is a distinct differ-
ence to the R3m Cr-oxygen delafossites, such as AgCrO»,
CuCrOs, or PACrOs, where a planar 120° order has been
established [57H59]. In contrast to the Cr-sulfide or Cr-
selenide systems, the Cr oxygen-based delafossites always
possess large negative Weiss temperatures (6 = —160 K
for AgCrO,, 8 = —211 K for CuCrOs, and # = —500 K
for PACrO, [60H62]), indicating a predominant AFM ex-
change. For non-oxygen Cr delafossites the exchange be-
comes quite complex and studies on polycrystalline sam-
ples evidence positive Weiss temperatures for AgCrSes,
NaCrSes, CuCrSe; NaCrS,; and KCrS,, as well as nega-
tive Weiss temperatures for AgCrSy, CuCrSs and LiCrSs
32, 56, 57, [63).

We use the first temperature derivative of the magnetic
susceptibility dx/dT to determine the magnetic ordering
temperature (see Fig. |p)). For fields in the (a,b) - plane
we find a clear change in the slope of the x (T') curve
which gives a pronounced peak at Ty = 32 K, whereas
in ¢ direction a zero crossing of the derivative of x| (T')
indicates the magnetic order at the same temperature
within the measurement uncertainties. The position of
the isotropic maximum at 46.3 K in x 1 (7') and x| (7) is
defined by the second zero crossing in the first derivative.
We note that the measurements were performed in zero-
field-cooled (zfc) and field-cooled (fc) mode and that no
branching could be observed. This evidences that there is
no hysteretic behavior due to short-range order, domains,
or other glassy-like effects. Furthermore, this behavior is
reproducible across many growth series of AgCrSey crys-
tals (see equivalent measurements on MS1257 crystal in
the Supplemental Material [45]). The Weiss temperature
of 6 = +75 K and the ordering temperature of Ty = 32 K
give a frustration parameter of f = 0/Ty = 2.3. At
first sight and compared to the oxy-chromium delafos-
sites with large negative Weiss temperatures and predom-
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FIG. 7. AC susceptibility (a) and DC magnetization (b) ver-
sus field for H || ¢ and H L c¢ at various temperatures as
indicated. The DC and AC magnetization were measured fol-
lowing a zfc protocol and by increasing the field from zero to
14 T followed by warming up to 200 K between the individual
cycles.
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FIG. 8. Magnetization versus field for H | c¢. Open symbols
represent data from measurements in static fields in a PPMS
(at the MPI) and solid lines represent high field magnetization
data recorded in pulsed fields at the HLD.

inant in-plane AFM interaction this seems to contradict
a strong frustration. However, we point out that in the
AgCrSes we have AFM and FM interactions in the plane

(see Sec. I G)).

The effect of an increase of the magnetic field on x 1 (T)
and x| (7T') is demonstrated in Fig. |6, The maximum at
about T* = 46 K remains rather robust against increas-
ing fields for both directions. There is almost no field
effect on x 1 (T) and x| (T') toward higher temperatures.
In contrast, there are dissimilar field dependencies below
T*: for H L c the susceptibility x (T') increases strongly
with field, whereas for H || ¢ there is only a rather small
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FIG. 9. First field-derivatives of the magnetization versus
field for H 1 ¢ at various temperatures. The metamagnetic
transition field HV is defined by a pronounced peak, whereas
the onset of saturation at Hg is given by a step in the deriva-
tives.
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FIG. 10. Magnetization versus field for H | ¢. Open
symbols represent data from measurements in static fields
in a PPMS and solid lines represent high field magnetiza-
tion data obtained in pulsed fields at the HLD. The dashed
line corresponds to the linear in field van Vleck contribution
(Mvv = Hxvyv)) above 40 T with xy v = 0.0008 emu/mol.
The inset shows the first field derivative of the magnetization
versus field for H || ¢ at various temperatures. The saturation
field Hg is given by a step in the derivatives.

increase detectable. This is a first evidence for a field-
induced metamagnetic transition in the H L ¢ direction.
We further investigated this effect by AC susceptibility
and magnetization measurements up to 14 T. Here the
field-induced transition at H™(T) becomes evident by
the evolution of a pronounced peak in the AC suscepti-
bility [Fig.[7[(a)] and a slope change of the magnetization
M(H) [Fig.[7(b)]. For H || ¢ these features are absent.
The magnetization M (H) was measured for H 1 ¢
and H || ¢, shown in Figs. [§ and respectively, in
fields up to 14 T, using a PPMS and in pulsed magnetic
fields up to 50 T at the HLD. Data on a polycrystalline
sample can be found in the Supplemental Material [45].
For H 1 ¢ a field-induced metamagnetic transition at
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FIG. 11. (a) Temperature dependence of the zero-field specific
heat Cp of an AgCrSes single crystal. (b) Cp/T vs T for
various fields for H || ¢ (left axis) and magnetic specific heat
Crag at zero field as function of temperature (right axis).
The maximum in Chag at T" = 43 K is clearly visible and
the maximum value Cmag(43 K) corresponds to 0.36 R.

H*(5K)=5Tin M(H) is followed by a saturation of
the magnetization at M = 2.8 ug/Cr above H; = 23.7T
(Figs. and@. Figure |§| shows the first derivative of the
magnetization dM/dH at various temperatures. H T (T)
is defined by the peak in the derivative, in good agree-
ment with the AC susceptibility results. The crossover
to saturation at high fields is broadened toward higher
temperatures. We use the half height of the high-field
step in the first derivative as a measure for the transi-
tion to saturation at Hs. From the ESR an isotropic
saturation magnetization of about Mg = gJ = 3 ug/Cr
is expected for J = 3/2 and g = 2 (see Sec. on
the ESR results). The experimentally determined satu-
ration magnetization of 2.8 up/Cr does not fully reach
the value predicted by the ESR. Possible reasons for that
might be an orbital moment contribution, in addition to
the spin-only moment, or shielding effects from itinerant
conduction electrons with admixed Cr-3d® character.

D. Specific heat and thermal expansion

Figure[11|a) presents the specific heat (C}) of AgCrSe,
as a function of temperature in the temperature range
from 2 to 280 K. In strong contrast to oxygen-based Cr-
delafossites, such as CuCrOs [64] and PdCrO, [62], no



clear A\-type anomaly indicating a magnetic phase transi-
tion can be observed. The absence of a strong signature
might be due to the complex cycloidal magnetic order
triggered by the non-centrosymmetric structure which
promotes an extended spin entanglement (about 164 A in
(1,1,0) direction [32]), the frustration due to competing
AFM and FM exchange, short range correlations, and
emergent fluctuations. Only a tiny anomaly at the phase
transition at about 33 K can be resolved in the specific
heat data (see Fig.[I2). A broad maximum can be found
in the zero-field magnetic specific heat (Cly,q4) as a func-
tion of temperature [see Fig. (b)] The presence of this
broad peak centered around 7" = 43 K is in agreement
with the maximum observed in the magnetic susceptibil-
ity (see Fig. ) and once again points at the presence of
strong frustration in AgCrSe,. For planar isotropic tri-
angular lattices the theory predicts this maximum with
an absolute value of Cpqq(T*) = 0.4R [65] [66]. Even so
most of the model calculations are performed for S = 1/2
ions our experimental value of Cpaq(T™) =~ 0.36R for a
S = 3/2 Cr lattice is close to this prediction. The ap-
plication of magnetic fields leads to a broadening of this
peak as can be seen in Fig. b). To obtain the magnetic
part of the specific heat Cy,q4, We subtract the phonon
and electronic contributions determined by fitting a com-
bination of Einstein, Debye, and linear terms to the data.
The details are described in the Supplemental Material
[45]. In zero field the integration of Cyqqe/T from 2 to
70 K yields a reduced magnetic entropy of about 18%
of RIn4. This reduced entropy might be the fingerprint
of the complex cycloidal order and evolving fluctuations
toward long-range order as evidenced by neutron diffrac-
tion (see Sec. [[IIF). In low dimensional strongly frus-
trated quantum magnets it is frequently found that the
entropy is reduced due to strong frustration and asso-
ciated fluctuations of the moments. Usually the entropy
recovers and the signature of the order sharpens upon the
application of magnetic field due to quenching AFM fluc-
tuations and the polarization of the moments [67]. Here
we observe a broadening and a shift of the magnetic con-
tribution to higher temperatures upon increasing field,
which points at the importance of the FM exchange com-
ponent [see Figure [11|(b)]. Due to the broad feature and
the large nonmagnetic phonon contribution we cannot re-
liably determine Ciy,q4 (T, H) from the experimental data
set in magnetic fields.

In contrast to AgCrSes, other non oxygen-based Cr
triangular lattice systems within the R3m symmetry
group (AgCrSy, CuCrS;) undergo an additional struc-
tural phase transition to a lower symmetry group at low
temperatures, and therefore show a pronounced anomaly
associated to the simultaneous structural and magnetic
order in the low temperature heat capacity [57, 68 [69].
Furthermore, they have negative Weiss temperatures, i.e.
they have predominant AFM exchange in the plane. The
specific heat of CuCrSe; is more similar to our results
[70] and the system shows no symmetry reduction to-
wards low temperatures. Here one also finds a rather

broad peak in the magnetic specific heat and only a tiny
anomaly at the magnetic ordering temperature of about
50 K and a reduced magnetic entropy of about 75% of
RIn4. Furthermore, CuCrSes is metallic, undergoes a
transition from R3m to R3m at 365 K and has a posi-
tive Weiss temperature (6 = +5 K) indicating some in-
plane FM exchange making the system a close relative of
AgCrSey[T1].

To gain further insight into the nature of the phase
transition, thermal expansion was measured in the tem-
perature range from 80 K down to about 6 K. Here, the
linear thermal expansion coefficient « is defined as

1dL
aifdiT’ (1)

where L is the length of the sample (in this case along the
crystallographic ¢ direction). The values of « obtained in
fields uoH = 0, 1, and 3 T are presented in Fig. The
data at zero field clearly confirm a transition at T' ~ 33 K,
which is not of first order. The latter may explain the
only small hump seen in the C,/T data at this temper-
ature, plotted for comparison in Fig. Great care was
taken to accurately calculate a from the measured sample
length; in fact, a second sample was measured to confirm
the broad hump feature right above the transition tem-
perature. Moreover, the thermal expansion measured in
small magnetic fields applied parallel to crystallographic
¢ direction corroborates the thermodynamic nature of the
transition. As indicated by the dashed line in Fig. the
transition is observed at nearly constant temperature for
o || ¢ and within fields up to 3 T. We note that, as a re-
sult of the platelet-like shape of the samples (see Fig. ,
thermal expansion could so far only be measured along
the crystallographic ¢ direction, even though a compar-
ison to the neutron data for other directions would be
highly desirable. A comparison with the thermal expan-
sion of Cr-sulphur systems (ACrSs, A = Cu, Ag, Au)
clearly shows, as already mentioned in the discussion of
the specific heat, a different behavior since in these sys-
tems the magnetic phase transition is accompanied by a
structural phase transition [72]. In contrast, our results
on the thermal expansion of AgCrSey clearly evidence
the absence of any structural phase transition across the
magnetic transition.

E. Electron-spin resonance

Typical ESR signals at four temperatures are shown
in Fig. a). The spectral shapes are well-defined as
indicated by the Lorentzian line shape (red solid line
in Fig. [13(a)). The ESR g factor, as determined from
the resonance field at T = 295 K, shows an uniaxial
anisotropy as indicated by the red solid line in Fig. b)
with g = 2.00(4) and g, = 1.98(2) for the external field
along the c axis and in the basal plane, respectively. The
temperature dependence of the linewidth is displayed in
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FIG. 12. Thermal expansion coefficient o measured in ¢ di-
rection as function of temperature (left scale) together with
Cp /T (expanded view) (right scale). The dashed vertical line
marks the largest anomaly in the expansion at Ty ~ 33 K.

the upper frame of Fig. [I3|c). Toward the magnetic or-
dering temperature a divergent broadening reflects the
growing importance of Cr3*t spin-correlations. The solid
lines in Fig. c¢) depict a relaxation model assuming
short range spin correlations with chiral Zs vortex fluc-
tuations. This model was previously applied to AgCrO4
[73] and it leads to an exponential linewidth dependence
on a reduced temperature scale T/T,,, — 1 as highlighted
in the inset with T}, denoting the melting temperature
of the vortex lattice. Noteworthy, the same critical ex-
ponent of 0.37 as for AgCrOy can describe the data rea-
sonably well suggesting a similar character of spin fluctu-
ations in both systems. For the related system AgCrSs
which, as already mentioned, has a structural phase tran-
sition across the magnetic phase transition, a slightly in-
creased critical exponent of 0.42 is found [74]. Toward
high temperatures the linewidth shows a weak increase
which may indicate a broadening becoming dominated
by a spin relaxation toward conduction electrons. The
local Cr3*t susceptibility xgsr, as determined from the
ESR intensity, nicely follows a Curie-Weiss law for tem-
peratures above =~ 150 K, see lower panel of Fig. (c)
The Weiss temperature agrees with T, = 37 K which
determines the linewidth divergence as discussed above.

F. Neutron diffraction

Neutron diffraction experiments were carried out on
powdered polycrystalline material. The polycrystalline
sample was characterized in full detail (see the Supple-
mental Material [45]). The susceptibility shows a maxi-
mum at about 50 K (frequently taken as the order tem-
perature), a Weiss temperature around 70 K and an ef-
fective moment of about peg = 3.52 pp in good agree-
ment with earlier results on AgCrSe, powder [I6, [56).
Refinement of the crystal structure was done in the non-
centrosymmetric space group R3m. The obtained struc-
tural parameters are summarized in the Supplemental
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FIG. 13. (a) Evolution of the Cr*" ESR spectra with tem-
perature, (b) g factor anisotropy at 295 K, and temperature
dependence of ESR linewidth and (c) inverse ESR intensity
for magnetic fields H L ¢ and H || ¢. Solid lines are fits to
the linewidth data with a model assuming a spin relaxation
via Zy-vortices (see Refs. [73] and [75] and main text) and a
Curie-Weiss law, respectively.

Material [45] in Table S1. The crucial step to achieve
a good fitting quality was to refine anisotropic thermal
parameters for Ag and Se2 (see Supplemental Material
[45]). The large values of the 817 and [2 parameters
likely indicate a presence of cation disorder over sev-
eral positions on the tetrahedral holes as originally dis-
cussed by Engelsman et al. in an early work [32]. The
non-centrosymmetric nature of the crystal structure of
AgCrSes implies that a Lifshitz-type invariant is allowed
in the Landau free-energy decomposition similar to the
well-known case of the room temperature multiferroic
BiFeOg [76], which also has a polar trigonal structure. In
the latter system, the presence of the Lifshitz invariant
results in a long-period cycloidal magnetic ground state
with the polar ¢ axis confined within the plane of spin
rotations. At a microscopic level, this magnetic ground
state is stabilized by antisymmetric exchange interactions
associated with the polar structural distortions [77]. By
analogy, one can assume that a similar situation might
take place in AgCrSes. Indeed, a long-period cycloidal
magnetic structure has been reported for this compound
by Engelsman et al. based on neutron diffraction data
[32]. However, the spins were found to be within the
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FIG. 14. (a) Rietveld refinement of the neutron diffraction
data collected at T' = 1.5 K with the forward-scattering detec-
tor bank [Rprage(nuclear) = 6.24% and Rprage (magnetic) =
3.48%)]. The cross symbols and solid red line represent the
experimental and calculated intensities, respectively, and the
blue line below is the difference between them. Tick marks
(green) indicate the positions of Bragg peaks: nuclear (top),
magnetic (middle) and vanadium can (bottom). Inset shows
integrated intensity of the diffraction pattern in the d-spacing
range of 12 — 15 A where the strongest magnetic satellite
(0.037,0.037,3/2) is observed, as a function of temperature.
(b) Schematic representation of the long-period modulated
magnetic structure of AgCrSes.

(a,b) - plane, which is not consistent with the mechanism
where the cycloidal order is stabilized by the antisym-
metric exchange. To verify this crucial point, we un-
dertook additional neutron powder diffraction measure-
ments, targeting to explore the possibility of the ground
state similar to BiFeOs. In agreement with [32], the mag-
netic reflections appearing below 50 K (Fig. [L4f(a), inset)
can be indexed by the k& = (0.037,0.037,3/2) propaga-
tion vector. The reflections were found to be notably
broader than the nuclear diffraction peaks indicating a fi-
nite correlation length of the magnetic order. This might
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be associated with the size of magnetic domains natu-
rally expected for this propagation vector with three-arm
star. The quantitative refinement of the magnetic struc-
ture [Fig. [L4{a)] was done in a polar coordinate system
where the spatial position of the cycloidal plane was con-
trolled by the polar angle 8 which was freely refined along
with the size of Cr moments. The obtained magnetic
structure [Fig. b)] is very close to the one reported
by Engelsman et al. [32] with no statistically significant
deviation of the cycloidal plane from the (a,b) - plane,
0 = 89(7)°. The standard deviation for 6 is however
rather big indicating that a small deviation might ex-
ist but more precise single crystal data are required to
confirm that. Thus the magnetic structure confirmed in
the present study strongly indicates that the long-period
modulated state in AgCrSe, is stabilized by competing
symmetric exchange interactions rather than a competi-
tion between symmetric and antisymmetric exchange like
in BiFeOg or in other systems with non-centrosymmetric
crystal structures [I0, 25 27]. The ordered moment at
T = 1.5 K is 2.53(5) up, which is significantly smaller
than the expected value for the S = 3/2 Cr®* cations
and the saturation value obtained in the high magnetic
field magnetization measurements (Figs. |8 and . This
experimental result might be related to a presence of a
disordered component associated with the structural dis-
order or might indicate a presence of strong spin fluctu-
ations persisting down to very low temperatures.

Above the transition temperature to the magnetically
ordered state, a pronounced diffuse magnetic scattering
is observed (see Supplemental Material [45]) revealing
the presence of well-defined spin correlations. The dif-
fuse scattering remains up to 100 K indicating that the
spin correlations start to develop at temperatures signif-
icantly higher than the magnetic transition temperature.
This is a typical behavior for magnetically frustrated
systems which further supports the conclusion that the
modulated state in AgCrSe; is stabilized by competing
exchange interactions. The developing spin correlations
and the transition to the ordered state are accompanied
by a visible lattice effect (Fig. with a negative thermal
expansion in the temperature range of 50 K < 7" < 100 K.
This evidences that lattice distortions play an essential
role in releasing frustration and establishing the long-
range ordered magnetic ground state.

G. Competing Heisenberg exchange between Cr
ions

Delafossite compounds containing chromium inside a
distorted chalcogenide octahedra typically cannot be
described with an exchange model containing nearest-
neighbor interactions only [68]. A finite saturation
field for the magnetization M(H) together with a pos-
itive Curie-Weiss temperature of the susceptibility x(T)
demonstrates that we are faced with at least two compet-
ing exchange parameters. Preliminary density-functional
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FIG. 15. Unit cell volume as a function of temperature. Inset
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ters.

calculations [55] suggest that the dominant exchange in-
teractions are ferromagnetic J; < 0 between nearest
neighbors and antiferromagnetic between third-nearest
neighbors with J3 = O(|J1]). Together with a small but
finite single-ion anisotropy D > 0 we thus use a minimal
Hamiltonian of the form

H=1 H(), (2)
=1
H(i)=D (Sf)Q - gﬂBﬂoﬁgi
1 | -
+ §J1 Z SZ‘SJ‘ + §J3 Z SiSj,

j€nn(z) j€3n(3)

for v magnetic ions, ignoring possible symmetry-allowed
symmetric and antisymmetric exchange anisotropies as
well as second-neighbor and inter-plane exchange.

A high-temperature expansion for the magnetic sus-
ceptibility [78] [79] yields

o _S(S + 1) ‘ (25 — 1)(28 +3)

GCW = 73]{:]3 Z(J1 + Jg,) + —15]43B D, (3)
Lo s(s+1) ~(2s-1)(2s+3)

Ocw = ke z(J1 + J3) T 30kp D (4)

with s = 3/2 and z = 6. Here, the symbols || and L
indicate the field direction relative to the direction of the
single-ion anisotropy.

The saturation field ,ung of the magnetization M (H)
is the strength of the applied magnetic field where the
sample reaches the fully polarized state with moment Mg
per Cr ion. It is given by [65] [80]

poHY = 27

i (D+I0-1@Q). (5)

where Mg = g ugs and Q is the ordering vector of the
magnetic phase in the zy plane perpendicular to the
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field. Here we assume H points into the direction of
the single-ion anisotropy defining the global z direction.
The Fourier transform of the exchange tensor in the xy
plane is given by

=, 1 —ik(R:—R. 1 _ikR
Ry = =3 e FER) = 287 e F(6)
(id) n

where the sum runs over all bonds n connecting a fixed
site ¢ with its neighbors. Minimizing the classical energy
vs2J(Q) for the Hamiltonian above with respect to
the components of the ordering vector yields a series of
magnetic phases. With a := J3/J1, J; < 0 we obtain the
following two:

a. Ferromagnetic phase. For a > 0 the ground state
trivially is a ferromagnet, i. e., Q =0, and J(0)=3(J1 +
J3). The saturation field in this case is determined by the
single-ion anisotropy D alone. This remains true also for
—1/4 < a < 0: even a frustrating AFM third-neighbor
exchange Js > 0 with J3 < |J1|/4 doesn’t destroy the
fully polarized ground state.

b. Spiral phase. For o < —1/4 or Js > |J1|/4 the
classical ground state is a spiral along [110] with an in-
commensurate @ vector,

~ 1
=|2cost | —=1/5 - Y——T],
@ 2v/2 o

2 5—
— cos!

V3 2\/5( a(a—2)—a)

Correspondingly we obtain

for the ground-state energy and

282 Jl Jl JS
=2 p+ 2 (134 2 172
Mo MS|: +4 <3+2J3+ 7J1

207

for the saturation field. This is the case for AgCrSes.

Experimentally, we have obtained a Curie-Weiss tem-
perature 8 = 475 K, approximately independent of
the field direction. The saturation field directed par-
allel to the crystallographic ¢ direction is obtained as
HOHQ = 25.1 T with a saturation moment Mg =
2.8 up/Cr ion. Ignoring the small single-ion anisotropy,
justified by the directional independence of 6, we obtain
Ji = —1.73 meV = —20kgK and J; = 0.86 meV =
10ksK.

Two remarks are due on the size of the single-ion
anisotropy D. Although we find that D must be small
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ordered state #1 represents the cycloidal phase for H 1 ¢
below Ht(T) (see Fig. [14(b)), whereas phase #2 represents
a planar fan phase for in-plane fields (above H*(T)) and a
more cone-like phase for fields in ¢ direction.

compared to the absolute values of the exchange con-
stants, it is nonzero. A finite D > 0 along the ¢ direction
“forces” the Cr moments into the (a,b) - plane. Because
of that, a saturation field in the (a,b) - plane does not
depend on D [81], therefore we may obtain an estimate
of D via

D= %Ms (HQ - H§) — 0.05meV = 0.6kgK  (10)
with poHg = 23.7 T in the (a,b) - plane.

The meta-magnetic transition we observe at a field
uoH*T =5 T at low temperatures supports this scenario:
Any field having a component perpendicular to the direc-
tion of D breaks the rotational symmetry of the Hamil-
tonian around D. For small fields, the ordered moments
remain in the plane and form a “distorted helix” until
HTis reached: a transition to a fan phase occurs. For
a purely AFM nearest-neighbor exchange J, the critical
field is given by poH* = (2s?/Mg) vD.J [81,[82], and we
expect a similar scaling with an effective exchange con-
stant Jeg > D derived from the exchange structure of
our model, Eq.

H. Single crystal H — T phase diagram

The magnetic exchange interactions in AgCrSes are
very different from those in the oxygen-based Cr-
delafossites. Whereas the latter are characterized by a
predominant and a very strong AFM nearest-neighbor
interaction, AgCrSes features an interplay of FM nearest
neighbor and AFM third-nearest-neighbor interactions.
As a consequence, AgCrSe; shows a cycloidal order with
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large modulation length (about 164 A) along the (1,1,0)
direction [32], whereas the oxygen-based Cr-delafossites
exhibit a robust 120° order on the triangular lattice. In
AgCrSey, the application of magnetic fields first results
in a modulation of the magnetic structure and, due to the
smaller magnitude and different nature of the exchange
interactions, it is possible to ferromagnetically align the
moments in rather small fields of only about 25 T. That
is different in the Cr-oxygen-delafossites, where the sat-
uration fields are estimated to be an order of magnitude
higher, e.g. 240 T in CuCrOs [83]. AgCrSes is thus char-
acterized by a favorable combination of competing inter-
actions between Cr ions and thermal excitations, which
finally leads to a tunable magnetic ground state and the
emergence of magnetic fluctuations at the verge of mag-
netic order.

Figure [16] shows the H — T phase diagram of AgCrSe,
for both directions, H L ¢ and H | ¢. We note that
the H — T phase diagram of polycrystalline AgCrSes,
shown in the Supplemental Material [45], displays some
marked differences to that of the single crystal due to the
strong 2D nature of the exchange interactions. In high
magnetic fields, AgCrSes displays an isotropic behavior,
i.e. almost the same saturation fields are found for both
field directions. For H | ¢ a meta-magnetic phase tran-
sition appears at about H™ = 5 T, which corresponds to
about 1/5 of the saturation field. For spin 1/2 triangular
lattices with 120° order a metamagnetic transition at a
value of 1/3 is predicted [84] 85] and found for example
in BazCoSbaOg [86]. Above HT our results suggest a
planar fan-type magnetic order in AgCrSes. For fields
in ¢ direction our data are consistent with a continuous
tilting of the moments out of the plane where the tilt
angle increases upon increasing the field. These results
motivate future neutron diffraction experiments on sin-
gle crystals to solve the magnetic structure in applied
magnetic fields.

Moreover, at high temperatures we have revealed a re-
gion of competing interactions characterized by magnetic
fluctuations before AgCrSe, orders magnetically at lower
temperatures. These magnetic fluctuations also influence
the electronic transport properties of AgCrSes [15]. In-
elastic neutron scattering studies are needed to investi-
gate the excitation spectrum of these fluctuations.

IV. SUMMARY AND CONCLUDING
REMARKS

In summary, we studied the H — T phase diagram of
AgCrSes in great detail. We identified paramagnetic,
long ranged ordered and field polarized regimes. Whereas
the Cr oxygen delafossites crystallize in the R3m space
group and are characterized by a very strong AFM
nearest-neighbor interaction, which then usually leads
to a planar 120° order, the Cr-sulfur and Cr-selenide
delafossites display transitions from the R3m group to
lower symmetries. Furthermore, higher order magnetic



exchange interactions play an important role, which fi-
nally leads to a larger variation in the magnetic ground
states; 120°, stripe, spin-spiral, and cycloidal-type or-
dered states are observed. In addition to the symmetry
reduction from R3m to R3m at high temperatures, a
further symmetry reduction is usually found for the Cr
sulfur delafossites at the onset of magnetic order. This ef-
fect is not observed in AgCrSes. In this respect, AgCrSe,
is a model system for the study of a planar Cr triangular
lattice with dissimilar Heisenberg-like interactions.

Our comprehensive study with local and bulk probes
shows that AgCrSey is an anisotropic cycloidal magnet
with emerging anisotropic laterally extended magnetic
fluctuations. For magnetic fields applied in the (a,b) -
plane, we find a metamagnetic phase transition, which is
not present for fields parallel ¢. Wheras we could study
the magnetic structure in zero-field by neutrons diffrac-
tion, the magnetic structure in magnetic fields is still
not known. From our data we also cannot rule out chi-
ral magnetic textures in applied magnetic fields, which
is certainly an attractive project left for future neutron
studies.

The experimentally established H — T phase dia-
gram is consistent with a planar Heisenberg model, in
which the nearest-neighbor interaction, unlike in the
Cr-oxygen-delafossites, is ferromagnetic and the third-
nearest-neighbor interaction is antiferromagnetic. In
AgCrSesy the interactions among the Cr ions have just
the right strength to be tuned by experimentally accessi-
ble magnetic fields. Based on our theoretical model and
on the temperature dependence of the lattice parameters
obtained from neutron diffraction, we suspect that the
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magnetic properties might be easily tuned by hydrostatic
pressure or uniaxial stress. In this respect, AgCrSe, is a
model system for the study of a planar Cr3T triangular
lattice with dissimilar Heisenberg-like interactions.
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