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We report x-ray diffraction, magnetic susceptibility, heat capacity, *H nuclear magnetic resonance
(NMR), and muon spin relaxation (uSR) measurements, as well as density-functional band-structure
calculations for the frustrated S = 3/2 triangular lattice Heisenberg antiferromagnet (TLHAF) a-
HCrOs (trigonal, space group: R3m). This compound undergoes a clear magnetic transition at
Tn ~ 22.5 K, as seen from the drop in the muon paramagnetic fraction and concurrent anomalies in
the magnetic susceptibility and specific heat capacity. Local probes (NMR and pSR) reveal a broad
regime with slow fluctuations down to 0.7 T, this temperature corresponding to the maximum in
the uSR relaxation rate and in the NMR wipe-out. From the comparison with NaCrO2 and a-
KCrOa2, the fluctuating regime and slow dynamics below Tx appear to be hallmarks of the TLHAF
with ABC stacking. We discuss the role of interlayer frustration which may bear implications to
recent spin-liquid candidates with the triangular geometry.

I. INTRODUCTION

Experimental realization of quantum spin liquid (QSL)
remains one of the major challenges in condensed-matter
physics [1, 2]. An identification of this exotic entangled
state in real-world materials could open the way to under-
standing and utilizing fractionalized excitations, which
are particularly interesting in the context of quantum
computing [3]. Theoretical studies established several
promising settings for the QSL that were indeed pro-
posed [4] in antiferromagnets with the kagome [5], tri-
angular [6], and honeycomb [7] structures, all of them
based on the two-dimensional interaction geometries.

Recent work on triangular antiferromagnets [6] ex-
posed the AYbXs compound family (A = Na, K and
X = 0, S, Se) as the largest stock of the QSL candi-
dates known to date. In fact, all members of this family
evade long-range magnetic order [8-13|, while some of
them additionally show spectral signatures of fraction-
alized spinon excitations [14] or excitations of a Dirac
QSL [15, 16]. One potentially important but hitherto
neglected feature of these compounds is the ABC-type
stacking of their triangular layers that causes frustration
of the interlayer couplings, as shown in Fig. 1. Each mag-
netic site is coupled to three sites of the adjacent layer.
This arrangement prevents simple ferro- or antiferromag-
netic order along c.
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Here, we explore the effect of this intra and inter-layer
frustration using the ACrOs chromates. These com-
pounds are convenient model systems that contain semi-
classical spins % and, thanks to the half-filled t,4 shell of
Cr3*, feature isotropic Heisenberg interactions within the
triangular planes. Such an interaction regime is known to
induce 120° order in the plane, which is indeed observed
in LiCrOg [17-20], but other members of the same fam-
ily do not show a clear magnetic ordering. In NaCrOa,
a transition at Ty ~ 41 K is followed by a broad fluc-
tuating regime with slow dynamics extending down to
T* ~ 30K [21] for which the occurrence of Berezinskii-
Kosterlitz-Thouless (BKT) was suggested [22]. On the
other hand, a-HCrO, with the shortest interlayer dis-
tance was recently claimed to evade magnetic order and
lie in the vicinity of a spin-liquid phase [23]. Using a
combination of thermodynamic and local probes applied
to a-HCrOs, we show that in fact all these chromates —
NaCrOs2, a-HCrO,, as well as a-KCrOz [24] — develop
a very similar phenomenology. They enter a broad uni-
versal fluctuating regime below Ty, followed by the for-
mation of a static and likely incommensurate spin state
below T*. Our findings reveal a new mechanism of cre-
ating fluctuating spin-liquid-like states that reside on the
triangular planes but crucially rely on the interlayer frus-
tration.

II. METHODS

A polycrystalline sample of a-HCrQO, was prepared by
an hydrothermal method. It involves two steps. First,
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FIG. 1.

(a) Crystal structure of a-HCrO2 consisting of triangular layers formed by CrOg octahedra and H atoms at the

interstitial sites. (b) Triangular Cr layers showing possible exchange couplings Ji, J2, J3, and J; between the Cr®*" ions. (c)
Coupling of H with three Cr®* ions from each layer where spins are arranged in a 120° structure.

the intermediate oxide CrgOo; was prepared by heat-
ing CrOg (Aldrich, 99.99% pure) granules for 12 hours
at 250 °C in air. In the second step, the intermedi-
ate product was crushed into fine powder, put into a
1 M LiOH solution in deionized water, heated at 200 °C
in a teflon-lined stainless steel autoclave for about one
week, and subsequently furnace-cooled. The phase purity
of the product was confirmed by powder x-ray diffrac-
tion (XRD) using a PANalytical x-ray diffractometer
(Cu K, radiation, \,, = 1.54182 A). The temperature-
dependent powder XRD measurement was performed
over the temperature range 15 K< T < 300 K using
the low-temperature attachment (Oxford Phenix) to the
diffractometer.

Magnetization (M) measurements were performed as a
function of temperature (7') and applied field (H) using a
superconducting quantum interference device (MPMS-3,
Quantum Design). Heat capacity [C},(T")] as a function of
T and H was measured on a small piece of sintered pellet
using the relaxation technique in the physical property
measurement system (PPMS, Quantum Design).

The NMR measurements were carried out using pulsed
NMR techniques on 'H (nuclear spin I = 1/2 and gyro-
magnetic ratio yn/27 = 42.575 MHz/T) nuclei in the
temperature range 1.6 K < T < 250 K and at differ-
ent radio frequencies. The spectra were obtained ei-
ther by Fourier transform (FT) of the NMR echo sig-
nal or by sweeping the magnetic field. The NMR shift
K = (V= yof) / Vvt Was determined by measuring the res-
onance frequency of the sample (v) with respect to non-
magnetic reference HoO (resonance frequency vyef). The
'H spin-lattice relaxation rate (1/7}) was measured by
the conventional inversion recovery method. The spin-
spin relaxation rate (1/7%) was measured through the
decay of the echo integral with variable spacing between
the 7/2 and 7 pulses.

The muon spin rotation/relaxation (uSR) experi-
ments were carried out at the 7Mjs beam line using
the GPS spectrometer at the Paul Scherrer Institute
(PSI), Switzerland [25]. The zero-field (ZF) and the
weak transverse-field (wTF) pSR measurements were
performed at temperatures ranging from ~ 1.5 K to
50 K. The 100% spin-polarized p* (spin-1/2 and gyro-
magnetic ratio v, = 135.5 MHz/T) with the momen-
tum of ~ 28.6 MeV /¢ were implanted into the sample.
Because of their positive charge, muons come at rest in
well-defined sites where their electrostatic energy is min-
imized, i.e. in oxides typically 1 A away from an oxygen
02~ site. They usually interact with surrounding mo-
ments through a dipolar coupling. In a paramagnetic
state, the electronic moments fluctuate fast (~ 10712 s)
on the puSR time scale and the static field sensed by the
muons has only a nuclear origin with a typical value of
a few Gauss, while dynamical electronic fields lead to
motional narrowing. On the contrary, when electronic
moments slow down, the evolution of the ZF polariza-
tion with time witnesses both their dynamics and freez-
ing. At the base temperature (T < T), very high
counting statistics (~ 115 Mevents) were taken in or-
der to track the fast-decaying polarization measured in
zero-field, where the contribution from static electronic
moments dominates.

Density-functional (DFT) band-structure calculations
were performed in the FPLO code [26] using the Perdew-
Burke-Ernzerhof flavor of the exchange-correlation po-
tential [27]. Correlation effects in the Cr 3d shell were
taken into account of the mean-field DFT+U level using
the on-site Coulomb repulsion U; = 2eV, Hund’s cou-
pling J4 = 1€V, and atomic limit for the double-counting
correction [28, 29]. Experimental structural parameters
for LiCrO2 [30], NaCrOz [31], and a-KCrO2 [31] have
been used. In the case of a-HCrOs, the position of hy-



drogen remains somewhat uncertain. We thus consid-
ered two limiting cases: i) hydrogen placed in the middle
between the CrO; layers, with the R3m symmetry pre-
served; ii) hydrogen displaced toward one of the layers. In
the latter case, the symmetry is reduced to R3m, and the
individual CrOg octahedra are slightly distorted, because
the Cr-O distances can be shorter or longer depending
on how strongly the oxygen atom binds to the hydro-
gen. Room-temperature atomic positions from Ref. [32]
have been used, as they feature the largest distortion and
allow one to test its effect on magnetism. Exchange pa-
rameters J;; and single-ion anisotropy D enter the spin
Hamiltonian,

H=> JySiS;—> D(S7) (1)
(i7) (

where the summation is over atomic pairs (ij), and

S = % The parameters of this Hamiltonian were ob-

tained by a mapping procedure [33] from total energies

of magnetically ordered states.

III. RESULTS
A. X-ray Diffraction

In order to confirm the phase purity and to check the
presence of any structural distortions, powder XRD data
were collected at various temperatures. The Rietveld re-
finements of the XRD patterns were executed using the
FullProf software package [34] with the initial param-
eters taken from Ref. [32]. Figure 2 presents the pow-
der XRD patterns at 300 and 15 K along with the Ri-
etveld fits. At room temperature, all the peaks could be
indexed based on the space group R3m (No. 166) sug-
gesting phase purity of the sample. A small difference
between the experimental and calculated intensities at
26 ~ 38° is likely due to preferred orientation effects ex-
pected in a layered compound. The obtained lattice pa-
rameters at room temperature are a = b = 2.9836(1) A,
¢ =13.4232(1) A, and unit cell volume Vo ~ 103.48 A3,
which are comparable with the previous report [32]. No
extra features or peaks were observed in the XRD scans
implying the absence of any structural transitions down
to 15 K. On the other hand, around 30 K both lattice
parameters (a and c¢) clearly deviate from their antic-
ipated low-temperature behavior [see Fig. 2(c)]. Such
weak kinks, humps, and changes of slope are commonly
observed in magnetic compounds in the vicinity of their
magnetic transitions, where lattice symmetry does not
change but a magnetoelastic coupling leads to anomalies
in thermal expansion [35, 36].

The temperature variation of the lattice constants (a
and ¢) and unit cell volume (Vo) as shown in Fig. 2(c)
are found to decrease monotonically upon cooling down
to T =~ 45 K. Veen(T') above 45 K was fitted by the equa-
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FIG. 2. Powder XRD data measured at (a) T'= 300 and (b)
T = 15 K. The red solid line represents the Rietveld fit of
the data. The Bragg positions are indicated by pink vertical
bars and the solid blue line at the bottom denotes the differ-
ence between the experimental and calculated intensities. (c)
The variation of the lattice parameters (a, ¢, and Veen) as a
function of temperature. The solid line denotes the fit of the
Veen(T') by Eq. (2).

tion [37]

V(T)=~U(T)/ Ko+ Vo, (2)

where Vj is the cell volume in the zero temperature limit,
K is the bulk modulus, and -y is the Griineisen parame-
ter. U(T) is the internal energy, which can be derived in
terms of the Debye approximation as

U(T)—anBT<£)3/00D/T ? @)

0p et —1

Here, n is the number of atoms in the unit cell and kg
is the Boltzmann constant. Using this approximation
[see Fig. 2(c)], the Debye temperature (p) and other
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FIG. 3. Temperature dependence of magnetic susceptibility
[x(T")] measured in an applied field of 0.5 T and in the tem-
perature range 1.8 K< T < 350 K. The solid and dashed lines
denote the fits by Eq. (4) and Padé approximation, respec-
tively. Arrows signal the limit of validity of HT'SE or Padé ap-
proximation. Inset: Zero-field-cooled (ZFC) and field-cooled
(FC) magnetic susceptibilities as a function of temperature
measured in an field of 100 Oe.

parameters were estimated to be Op = 195(9) K, v/ Ky =

2.95(7) x 1075 Pa~!, and Vj ~ 102.8(7) A3.

B. Magnetization

Previous magnetic susceptibility x(7') and 'H NMR
measurements were restricted to temperatures above the
possible magnetic ordering [38, 39]. An antiferromagnetic
transition at T ~ 25 K has been reported from the heat
capacity measurements [40].

The temperature-dependent magnetic susceptibility
X(T) (= M/H) measured in an applied field of 0.5 T
is shown in Fig. 3. As expected in the paramagnetic
regime, y(7T) increases with decreasing temperature in
a Curie-Weiss manner but becomes flatter toward lower
temperatures when spin-spin correlations set in. A hump
around 27 K coincides with the lattice anomaly discussed
above. At even lower temperatures, y(7') shows an up-
turn around 20K and a splitting at 12 K between field-
cooled (FC) and zero-field-cooled (ZFC) curves measured
in a weak applied field. While the latter signature may
be indicative of spin freezing, our frequency-dependent
AC susceptibility measurement (see, Supplementary Ma-
terials [41]) rules out the possibility of a conventional
spin-glass transition.

Traditionally, x(7') is fitted by the sum of a tempera-
ture independent term (yo) and of a Curie-Weiss law,
Xo + 7—p-— in order to obtain the Curie constant C
and the cﬁaractensmc CW temperature fcw. C' yields
the effective moment while fcw represents the energy

scale of the total exchange interactions. fcw is given by:
JzS(S+1)

|0cw| = =5, where z = 6 is the number of nearest-

neighbours of Cr®* ions and J (= Ji) is the intra-layer
exchange coupling [42]. This requires the T range of the
measurements to fall into the high-temperature regime,
T > |0cw| which is not the case here. Indeed, our x(T)
data are limited up to 350 K and fcw for HCrO; is in
the range 220 — 270 K [38].

We therefore used high-temperature series expansion
(HTSE), now available up to 11*" order [43] and Padé
approximants [44] to fit our data,

X = Xo + Xspin (T) (4)
and
C Nagkd 5 225,
Xoo(T) = = X 13- 5%+
B 18765x3 712175 , 6328661 5 6432195191:6
64 512 1024 24576 (5)
36677316665 11547512‘391527278
344064 27525127
_ 1888217340683 11768319087087113x10
1179648 1981808640 ’
with = Z~. Figure 3 depicts the fitting of x(7T") data

in the validity T-range of Eq. (4), kgT > 8J, corre-
sponding to T" > 195 K. Fixing ¢ = 2 from the ESR
data of Ref. [22], we obtain J/kp = (24 £ 0.2) K and
xo = —(5.35 4 0.45) x 107° ¢cm?®/mol. An extension of
the validity of the fit down to 7'~ 3.5.J can be obtained
using Padé approximants which are now available. The
[6,5] Padé extension of our fit is shown as a dashed blue
line in Fig. 3 and perfectly matches with our data in
its validity domain, 7" 2 85 K, with J/kg = 24 K and
Xo = —5.35 x 107° cm? /mol.

C. Heat Capacity

The heat capacity (Cp,) data are shown in Fig. 4 (up-
per panel) as a function of temperature measured in zero
magnetic field. At high temperatures, C,(T') is entirely
dominated by the contribution of phonon excitations
(Cpn) and the value of C}, at 300 K is about ~ 62 J/mol
K. This value is close to the expected Dulong-Petit lattice
heat capacity of Cy = 3nR ~ 74.8 J/mol K, where n is
the number of atoms per formula unit [45]. In a-HCrOs,
H is the lightest element expected to have a very high De-
bye frequency compared to other elements, and therefore
we chose n = 3 for the calculation. At around 24 K, the
heat capacity shows a clear and very broad anomaly that
confirms the magnetic transition. With further decrease
in temperature, Cp,(T") decreases gradually towards zero.
At low temperatures, C,(T") is dominated by the mag-
netic contribution Cpag-

In order to estimate the phonon part of the heat ca-
pacity, the Cp,(T") data were fitted above 100 K by a sum
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FIG. 4. Upper panel: Temperature-dependent heat capacity
Co(T) of a-HCrO2 measured in zero applied magnetic field.
The solid line represents the simulated phonon contribution
Con(T") and the dashed line represents the magnetic contribu-
tion Cuag(T). Inset: Plot of C,(T)/T vs T? below T, high-
lighting the shoulder at T* ~ 12 K. Lower panel: Cmag/T and
Smag/RIn4 in the left and right y-axes, respectively, are plot-
ted as a function of temperature. Inset: Logarithmic plot of
Chag vs T', with solid lines showing the fits with a power-law,
Cmag = aT'%, in different temperature regimes.

of Debye contributions

cp(T)_anz:cn( T )3/0g %dm. (6)

Opn

Here, R is the molar gas constant, fp,, are the charac-
teristic Debye temperatures, and ¢, are the integer co-
efficients indicating the contributions of different atoms
to Cp(T). A similar approach has been chosen previ-
ously to estimate the phonon contribution in different
types of frustrated magnets [46]. Figure. 4 (upper panel)
presents the fit of C,(T") by Eq. (6) with ¢; =1, ¢ =1,
and cs = 2. Here, c1, c2, and c3 represent the number of
H, Cr, and O atoms, respectively. The sum of ¢,, is thus
equal to 4, the number of atoms per formula unit. We
have used three different Debye temperatures: 6p; for
H'*, 0ps for Cr®t, and Op3z for O?~. Finally, the high-
T fit was extrapolated down to 2 K and Cag(T) was
estimated by subtracting Cp,(T) from C,(T') [see Fig. 4

(upper panel)].

Chag(T)/T is plotted as a function of temperature in
the lower panel of Fig. 4. It extends up to 100 K, even
though the leading exchange coupling J is about 24 K
only. For the validation of the fitting procedure, we cal-
culated the total magnetic entropy (Smag) by integrat-

ing Cmag(T)/T between 2 K and high-temperatures as

Smag(T) = QTK C"%@dT’. The obtained magnetic en-

tropy at 150 K is Smag =~ 10.4 J/mol K. This value of
Smag corresponds to ~ 90% (see the lower panel of Fig. 4)
of the expected theoretical value Sy = RIn(2S +1) =
11.5 J/mol K for a S = 3/2 system. Moreover, the en-
tropy at Ty is found to be only one-third of the total
entropy and the remaining entropy is distributed above
Tn due to short-range (in-plane) spin correlations. This
is in contrast with the conventional LRO where the en-
tropy is recovered completely just above Ty, and confirms
the strongly frustrated nature of a-HCrO, [18, 47].

The broad maximum in Cyae around 24 K confirms the
magnetic transition, whereas a broad shoulder in C, /T
vs T? (inset of the upper panel of Fig. 4) suggests another
magnetic instability at 7" ~ 12 K that coincides with the
temperature at which the ZFC and FC susceptibilities
bifurcate. This feature is quite similar to that reported
for CuCrO4 and a-KCrOs previously [24, 48].

The logarithmic plot of Cag vs T below T (see, lower
inset of Fig. 4) reveals a nearly linear behavior, although
a closer inspection of the data suggests that different
power-law exponents are obtained in different tempera-
ture intervals. Using Crag = a1, we find a ~ 0.0052 J-
mol 1-K=% and a ~ 2.2 for 125 K< T < 20 K, a =~
0.0026 J-mol~'-K~% and av ~ 2.6 for 4 K< T < 10 K, and
a ~0.0025 J-mol - K% and a ~ 2.8 for 2 K< T < 3 K.
Considering a = 2 and a = 3 expected for antiferromag-
nets in 2D and 3D, respectively, we conclude that spin
correlations gradually evolve from a 2D behavior imme-
diately below Tx toward a 3D behavior well below T*.

D. 'H NMR

The crystal structure of a-HCrOs [Fig. 1(c)] features a
single crystallographic H site located in between two Cr-
triangles. The *H nucleus is then coupled to three Cr3+
ions from each of the two adjacent layers. Thus, one can
probe static and dynamic properties of the Cr?t spins
by performing 'H NMR. We have measured '"H NMR
spectra by doing a Fourier Transform of the echo sig-
nal at different temperatures, keeping the field persis-
tent. Figure 5 (upper panel) presents the FT 'H NMR
spectra at different temperatures. We indeed observed
a single spectral line, as expected for a I = 1/2 nu-
cleus. The line position was found to increase weakly
with decreasing temperature. The lower panel of Fig. 5
presents the temperature variation of the NMR shift
(K) for T > 30 K. The slope of the linear fit using
K(T)= Ko+ Aﬁ[_]j:Xspin(T) (where K is the temperature-
independent chemical shift) of the K vs y plot yields the
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FIG. 5. Upper panel: FT 'H NMR spectra at different tem-
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'H resonance frequency of the non-magnetic reference sample.
Lower panel: 'H NMR shift X as a function of T. Inset: 'H
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hyperfine coupling constant Ap¢ ~ 1024 Oe/up between
the 'H nucleus and the Cr3T electronic spins (see, inset
of Fig. 5). This value of Ay is almost six times smaller
than Li in LiCrOy [18, 21] but much larger than the
expected dipolar coupling for a-HCrOz [1]. The latter
also indicates a substantial overlap of the hydrogen 1s
orbital with the 3d orbitals of Cr3* ion via 2p orbitals
of O. This further explains why the inter-layer exchange
coupling through H is significant, as estimated in Sec. F.

Figure 6 shows the field-sweep NMR spectra around
and below Tx. As the temperature approaches Ty from
above, the NMR signal intensity decreases. Below Ti,
the signal is reduced drastically, whereas the line width
does not show any significant increase. The loss of the
NMR signal continues well below Ty but never becomes
complete, and below ~ 10 K the intensity quickly recov-
ers. Below 10 K, the NMR line broadens and develops a
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FIG. 6. Field-sweep 'H NMR spectra at different tempera-
tures around Tn measured on the polycrystalline a-HCrO-
sample at 91.1 MHz. Inset: *'Cr NMR spectrum at T =
1.67 K measured in zero field.

triangular shape which is independent of the applied field.
This broadening is indicative of local magnetic fields ap-
pearing at the 'H site, but it is remarkable that such a
broadening appears only below 10 K and not immediately
below Ty, as in conventional 3D antiferromagnets. This
is a clear indication that the NMR signal is wiped out
over a broad temperature window, below Ty and a pure
static state appears only below 10 K. The wipe out effect
is very well evident in the temperature dependent inte-
grated NMR intensity plot in Fig. 7. A rectangular line
shape on the polycrystalline sample is expected in an or-
dered collinear antiferromagnet [50, 51]. The triangular
line shape observed at low temperatures in a-HCrOs is
reminiscent of an incommensurate magnetic order [52, 53]
that may appear in triangular antiferromagnets upon a
distortion of the commensurate 120° state. Further, as
the intrinsic signal is lost below Ty a very narrow cen-
tral line becomes prominent at the zero shift position,
on top of the broad spectrum. This narrow line persists
down to the lowest measured temperature and can be at-
tributed to the effect of defects and/or a small amount
of non-magnetic impurities.

We have also measured the 53Cr NMR (I = 3/2 and
/27 = 2.40094 MHz/T) spectrum by sweeping the fre-
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quency in zero field at T = 1.67 K (see, inset of Fig. 6).
The observation of 53Cr zero field NMR signal is a di-
rect evidence of a static magnetic ordering of Cr3* mo-
ments in a-HCrOs well below T*. From the peak posi-
tion, the internal field at the Cr site is estimated to be
| Hing| ~ 26.4 T. Such a large value of Hiy,y is comparable
to the reported value ~ 28.64 T for YCrOs and ~ 27.0 T
for CuCrOg [54].

E. uSR

In order to probe the dynamics in the fluctuating
regime in more detail, we performed complementary uSR
experiments. Owing to its much shorter time window
(10 ns - 15 us), uSR is better suited than NMR in track-
ing the persisting dynamics in slowly fluctuating mag-
nets. In addition, uSR allows us to probe all sites,
whereas only a weak fraction of the sites were detected
in NMR between 20 and 3 K due to the wipeout effect.

1SR experiments under a weak applied field perpen-
dicular to the initial muon spin polarization (wTF), were
performed in order to track the spin freezing and the
static magnetic volume fraction versus temperature. In-
deed, only muons stopping close to paramagnetic (un-
frozen) sites precess around the applied field direction
and produce long-lived oscillations of the polarization
reflected in the measured asymmetry. On the con-
trary, muons close to magnetically frozen parts experi-
ence much larger fields with a large distribution and yield
a strongly damped contribution in the 0.1 us range to the
polarization as is evident in zero-field experiments pre-
sented next.

The wTF asymmetry was fitted using a standard func-
tion for ¢t > 0.5 us

AWTF (t) - Aosc COS('Ychxtt + ¢)6_(U2t2/2) + Ataile_kt;
(7)
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FIG. 8. Left: T-variation of the muon relaxation rate; the
dashed line is a guide to the eyes. Right: weak transverse
field uSR asymmetry (see text). The dashed line is a fit to a
phenomenological broadened "step" function (Ator — Av)/[1+
(TN=T)/ATN)] | 4,

where Ags is the wTF oscillating asymmetry and Agag
is introduced to account for the non-oscillating long-time
relaxing frozen part (1/3'¢ tail). The fitted values for
Ane are shown in Fig. 8 (right). An abrupt loss of asym-
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FIG. 9. uSR asymmetry in zero external field at various tem-
peratures. The solid lines are fits described in the text.
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FIG. 10. Early-time pSR asymmetry in zero external field at
1.5 K and fit with a zero-order Bessel function A[2Jo(t)e ™ +
1/3]. Inset: Corresponding Fourier transform after subtrac-
tion of the 1/3™ tail.

Fig. 9. Above Ty, in the fast fluctuation regime, muons
mainly sense a weak ~ 4.6 G static nuclear magnetic field
mainly originating from H nuclei. The decrease of the p™
polarization has the expected Kubo-Toyabe shape, Gaus-
sian at early times and modulated by a slowly exponential
relaxing envelope associated with electronic spin fluctua-
tions. When decreasing the temperature below Ty, simi-
lar to the NaCrO; case [21], the freezing of the electronic
moments induces a very fast decrease of the asymmetry
on a 0.1us range while the long-time 1/3™ tail monitors
the relaxation induced by the spin dynamics.

We first focus on the data obtained deep in the frozen
regime. Figure 10 shows the very early time behavior of
the asymmetry at 1.5 K. The oscillating behavior is made
clear by the two visible wiggles and rules out a spinglass-
like random freezing. The damping is very large, asso-
ciated with a large distribution of the field at the muon
site as depicted by the Fourier transform presented in
the inset. Finally, one also observes the beginning of the
1/3% tail (t > 0.06 ps).

The T' = 1.5 K asymmetry evolution with time was
fitted according to the model:

2 / 1 o
A(t) = AO gposc(t)e_(a 2t2/2) + g 6_(t/T1) + Abu (8)

where P,s(t) is an oscillating function corresponding to
the " precession around the internal magnetic field (B,,)
direction at the average frequency v = (v,/2m)B,,, while
the damping of the oscillation is due to the width of
the internal field distribution ¢’ /7,. The constant back-
ground, A, = 0.01, was fixed from the remaining wTF
asymmetry at T' < T and Ag was set to Ag = Ator — Ap,
with A¢ot = 0.255, as determined from the total asymme-
try fitted above Tx. We found a slightly better y? when
fitting the oscillations with a Bessel function rather than
a simple cosine. A B, ~ 2.75 kG internal field is esti-
mated from the frequency of the oscillations. The fast

early time damping reveals a large 1.4 kG HWHM dis-
tribution of B, either associated with an incommensu-
rate order (Bessel fit) or a sizeable disorder (cosine fit).
The flatness of the 1/3" tail on the timescale of Fig. 10,
hence the weakness of the relaxation rate 1/7}, indicates
a purely static magnetic frozen phase in the low-7" limit.

We now focus on the relaxation effects evidenced on
the 1/3 tail at ¢ > 0.1 — 0.2 us as displayed in the
main panel of Fig. 9. This was the central focus of our
uSR study, given the wipe-out observed in NMR. For
each temperature below 19.9 K, we could estimate the
"unfrozen" contribution so that the asymmetry of the
corresponding 1/3™ tail was fixed from the wTF data.
The asymmetry evolution with time was fitted using the
following functions for ¢ > 1 /3. taken such that A(t) <
Atail

Alt) = Aant e/ + Ay (T < Tw) (9)
and
At) = Ag KT(t) e /1" 1 A, (T2 Ty), (10

where KT(t) is the Kubo-Toyabe function, Gausian like
in the ¢ — 0 limit and £, /3,4 is the time where the asym-
metry falls to the value expected for the 1/3rd tail, de-
termined as A¢aj1 + Ap, see above. The stretched expo-
nent a was found to vary smoothly between 12 K and
up to the transition from its low-T' value ~ 0.3 to 1.
This indicates a broad distribution of relaxation times,
in line with the distribution of internal fields reported
in Fig. 10. The error bars mainly come from the esti-
mate of ¢ > ¢;/3.a, the error bars on the background and
on the total asymmetry which slightly impact the relax-
ation rate. The fits were straightforward between 1.5 and
17.3 K where the "unfrozen fraction" is zero or marginal.
For T = 19.9 K, the unfrozen part has a contribution
to the relaxation which cannot be disentangled from the
1/3rd tail. Aian was therefore replaced by Agan + Aose
in Eq. (9), leading to an average value of the relaxation
rate. The increase of the relaxation rate is clearly vis-
ible, up to 77 '(15 K)~1 us~", followed by a decrease
at T = 17 K (Fig. 8, left). The large T-range below
TN where slow fluctuations occur, clearly signals an un-
conventional dynamical regime peaked around 0.7 T, at
variance with the common phase transitions where the
relaxation is peaked at Tx [2].

F. Microscopic Analysis

DFT calculations are used to identify the trends in the
microscopic magnetic parameters across the ACrOs se-
ries. Exchange couplings and single-ion anisotropies com-
puted for LiCrOs, NaCrOs, a-KCrOs, and for the two
structural models of HCrO5 are summarized in Table 1.
All compounds are dominated by the nearest-neighbor
in-plane coupling J;. This coupling is highly sensitive
to the Cr—Cr distance d and decreases from LiCrO,



TABLE I. Exchange couplings J; (inK) and single-ion
anisotropy D (inK) obtained from DFT+U calculations for
the spin Hamiltonian, Eq. (1). Ji, J2, and Js are in-plane
couplings between first, second, and third neighbors, respec-
tively. J is the frustrated interplane coupling.

Ji Jo Js Ji D

LiCrOs 84 -03 36 04 04
NaCrOs 48 —05 27 01 06
a-KCrO, 15 0.6 41 02 09
a-HCrO2, R3m 33 —02 43 28 05
a-HCrO2, R3m 28 1.0 43 20 05

TABLE II. Comparison of different structural and magnetic
parameters of ACrO; (A = H, Li, Na, and K) [58]. The ex-
change coupling J (= J1) for Li, Na, and K compounds is
deduced using the HTSE given by Delmas et al [59] whereas
for a-HCrO2, we have used 11" order HTSE [Eq. (5)] sug-
gested by Schmidt et al [43].

Compounds  Interplanar J (K) 1w (K) Refs.
spacing (A)
a-HCrOo 4.774 24 22.5 this work
LiCrO, 4.807 78 62 [22, 24]
NaCrOs 5.323 40 41 21, 22|
a-KCrO, 5.963 24 23 [24, 60]

(d = 2.901 A) to NaCrO; (d = 2.975A) and eventually
a-KCrOy (d = 3.044 A) The J; value in a-HCrOs lies in
between those of the Na and K compounds, despite its
Cr-Cr distance of 2.968 A, which is slightly shorter than
in the Na case. This additional reduction in the J; value
may be caused by the hydrogen atoms that are placed
next to oxygen and change its polarization [56]. The ex-
act position of hydrogen along the O-H-O contact (R3m
vs R3m models) plays only a minor role, as evident from
Table I.

The computed values of J; are generally in good
agreement with the experimental estimates based on the
magnetic susceptibility data (Table II). The coupling in
LiCrO; is also in accord with the spectroscopic mea-
surements of magnetic excitations [57] that suggested
J1 ~ 70K (6.0meV).

A weak easy-axis single-ion anisotropy (D) is present
in all compounds and does not change significantly across
the series. Indeed, the calculated value of D for a-KCrO4
matches well with the value estimated from the ESR ex-
periments (see, Supplementary Materials [41]). On the
other hand, the interlayer coupling J, notably increases
in a-HCrOg, owing to the reduced interlayer spacing (Ta-
ble II) and the covalent nature of the O-H bonds as op-
posed to the purely ionic bonding between alkali metals
(Li, Na, K) and oxygen.

max
C’mag/ Cmag
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FIG. 11. Comparison of low temperature data of a-HCrO-
with NaCrOg; (a) magnetic heat capacity normalized to its
maximum value vs T/J (b) evaluation of integrated NMR
intensity with 7/J, and (c) pSR relaxation rate 1/T1, vs
T/J and the paramagnetic fraction vs 7'/Tn in the left and
right y-axes, respectively. Here the transition temperature is
taken to be Tn ~ 22.5 K and 41 K for a-HCrO2 and NaCrOa,
respectively.

IV. DISCUSSION

This discussion section is divided into two parts: the
first part is devoted to a discussion on the transition tem-
perature with respect to frustration. The second part
is devoted to the extended dynamical regime below the
transition which is found to have a universal character
among the ACrOy (A=H, Na, and K) series of chromates.

For a purely 2D triangular Heisenberg antiferromag-
net, one would expect a transition only at 7' = 0 into a
three-sublattice structure with spins at 120°. In the pres-
ence of a weak interlayer exchange coupling, the transi-
tion is still mainly driven by the growth of the 2D cor-
relation length £(7') when cooling down: it diverges at
T = 0. Indeed, in a mean-field approach, the transi-
tion is obtained by equating the thermal energy to the
interaction of 2D correlated patches through a small in-
terlayer exchange coupling. This can be approached by



the following mean-field equation that leads to a finite
transition temperature,

kgTn ~ J1 S?[6(Tx)/a]?. (11)
From Refs. [61, 62] we get
&(T) ~ (7))~ exp(a] /T). (12)

One can then expect a transition temperature modestly
increasing with J,. From Tables I and II, one can no-
tice that J, decreases when the inter-layer distance in-
creases from a-HCrOs to a-KCrOs, as expected, and J
is more than a factor 15-30 larger for a-HCrOs as com-
pared to NaCrOy and a-KCrOsy. While the J/Tx ratio
is similar or even slightly larger for a-HCrOg, the tran-
sition temperature surprisingly does not scale at all with
J1. We suggest that this failure of the mean field, well-
established, approach for low-dimensional systems can
be assigned to a peculiar degree of interlayer frustration
in a-HCrOs. Indeed, we first note that the geometry
of the inter-layer coupling [see Fig. 1(b)] leads to some
frustration through the tetrahedral units resulting from
the ABC type of stacking, common to all the chromates
mentioned above: one Cr?t is coupled to six Cr3* from
the two adjacent layers. Second, a higher degree of frus-
tration induced by the interlayer coupling, as found for a-
HCrOs, certainly prevents the correlation length to grow
according to Eq. (12) which leads to the apparent para-
dox of "a larger J, yields to a lower Tx". We note that
this frustration scenario is in line with the incommensu-
rate structure observed at 1.57 K through the NMR line-
shape and also consistent with the SR time-evolution of
the asymmetry at 1.5 K.

Now, coming to the intermediate T-range below Tx,
several of the ACrOs compounds show a very similar
phenomenology. In Fig. 11, we compare our results to
those obtained in NaCrOs [21], using J as a scaling pa-
rameter.

(7) Both a-HCrOz and NaCrO2 undergo a magnetic tran-
sition that manifests itself in the heat capacity and uSR,
but does not lead to the formation of a conventional 3D
transition with a narrow critical regime centered in the
vicinity of Tx. On the contrary, here the transition at
T is followed by a broad regime with slow fluctuations
peaked around 0.6-0.7 Ty [Fig. 11(c)]. Strikingly, this
maximum largely coincides with the bifurcation point of
the FC/ZFC susceptibility reported at 12-15 K in Fig. 3
for a-HCrO5. The extension of this regime can be tracked
through the pSR relaxation rate, which shows a striking
similarity in both compounds once the temperatures are
normalized by J.

(it) The heat capacity also displays a very broad max-
imum around 7y and a similar behavior below Ty for
both compounds when the temperature axis is scaled by
their respective J.

(#4) For both compounds, the intensity of the NMR line
progressively decreases, goes through a minimum, and
recovers below a temperature T* where slow fluctuations
detected through pSR freeze out [3].
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Similar plots including the data taken on a-KCrOs can
be found in the supplementary materials [41], they clearly
demonstrate the universal character of this scaling in 7'/.J
for that series of chromates.

We are therefore led to the conclusion that a broad uni-
versal dynamical regime emerges on a T'/.J scale, typical
of ABC-stacked triangular Heisenberg antiferromagnets
and characterized by a very progressive slowing down of
spin fluctuations.

Neutron scattering studies offered a possible expla-
nation for this unusual behavior as reported earlier for
NaCrO; [64-66]. Between 1.3 and 0.7 Ty, the in-plane
correlation length grows rapidly with a ¢ vector typical
of the 120° pattern. On the contrary, the inter-layer cor-
relation length increases very progressively from 1 inter-
layer spacing at T to only 4 inter-layer spacings at 0.7 T
where it levels off. This T-range closely below Ty is dom-
inated by 2D correlations.

The increase in 1/77,, up to its maximum could be
such a hallmark of the 2D regime, in fair agreement with
the T2 behavior of the specific heat that we clearly ob-
serve in a-HCrOy. At lower temperatures, a release of
the inter-layer frustration through a small incommen-
suration may strengthen the 3D coupling. The conse-
quence is a progressive slowing down of the fluctuations
as observed in pSR. This regime is typical of a 2D-3D
crossover. What remains unclear is certainly the uni-
versality observed in the maximum of 1/7% , . It might
be a coincidental result of two counteracting mechanisms
driven by J, namely, an increase of both the coupling
and the frustration between the layers.

Alternative scenarios, namely, the Berezinskii-
Kosterlitz-Thouless (BKT) scenario of vortex-antivortex
binding or that of Zy vortex excitations, have been
proposed for NaCrOg [21, 22]. Indeed the maximum in
the puSR relaxation rate at 7,, ~ 0.7 Ty was found to
coincide with the divergence of the correlation length
inferred from the broadening of the ESR line according
to the BKT model, £(T) ~ exp ﬁ. The data now
available on a-HCrO5 and a-KCrOs prove the failure of
this scaling in T'/T,, (see, Supplementary Materials [41]
for the tentative scaling) and rules out such an inter-
pretation. In addition, we note that a BKT scenario
requires a substantial XY anisotropy, which has never
been observed experimentally. This, therefore, calls for
a different interpretation of the ESR line broadening
in terms of a growth of the correlation length when
entering the 3D regime.

A more general lesson from the ACrOs chromates
is that the fluctuating 2D regime clearly sets in below
TN, likely from the interlayer frustration. This offers
a new perspective on the persistent spin dynamics and
other spin-liquid phenomenology such as observed in the
AYbXs compounds [15, 16| where exchange anisotropy
also certainly plays a role. It also calls for the improved
theoretical understanding of how deep the frustration of
weak interlayer couplings may affect the ground state of
a quasi-2D antiferromagnet. Our experimental data for



the pure Heisenberg triangular chromates set an impor-
tant benchmark for such studies.

In conclusion, besides the observation of a Néel tran-
sition, features reminiscent of the pure 2D Heisenberg
triangular lattice are manifested through the dynamics
as revealed here experimentally, between Ty and 0.7 Ti.
The study of the ACrOs chromates (A = H, Na, and
K) points to an original and universal character of ex-
citations. With their half filled #5, orbitals, chromates
are certainly the best representative of a semi-classical
S = 3/2 Heisenberg model. The perfection of the equilat-
eral triangular lattice with nearly no disorder is a strong
asset to provide a solid playground for the physics of
frustration at play on the triangular lattice in a context
where more disordered compounds such as YbMgGaO4
or AYbX, QSL candidates are in the spotlight. Cer-
tainly, the interpretation of the 2D-3D crossover resides
in the details of each of these compounds although the
universal plot in 7'/J might suggest that it is still gov-
erned by the dynamics specific to the 2D frustrated char-
acter of the triangular lattice.

V. SUMMARY

The static and dynamic properties of spin-3/2 TLHAF
a-HCrO; are studied in detail and compared with the
iso-structural compounds (Na,K)CrOz. x(T') could be
modeled using HTSE for spin-3/2 TLHAF which yields
an intra-layer coupling J/kp ~ 24 K. The complementary
band structure calculations result in a similar value of .J.
They additionally provide a sizable inter-layer coupling
J1 /kps ~ 2.8 K which appears specific to a-HCrO,. This
brings in inter-layer frustration which shifts down the
transition temperature as compared to other members of
the chromates series. On the experimental side, a large
hyperfine coupling Aps ~ 1021 Oe/up between the 'H
nuclei and the Cr3* spins corroborate the existence of
such a sizable inter-layer coupling.

Although, x(T), C,(T) and muon asymmetry mea-
surements reveal the onset of a magnetic transition at
TN, which is also monitored through a magnetoelastic
coupling, a wide fluctuating crossover regime marked by
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a broad peak in the muon relaxation rate 1/T% , cen-
tered at T ~ 0.7 Ty and a minimum in the 'H NMR
integrated intensity is singled out. Apparently, this slow
dynamical regime turns out to be a universal character
of the TLHAFs ACrO2 (A = Na, K, and H) when the
specific heat, NMR intensity, 1/74 ,, and paramagnetic
fraction are plotted against the scaled (with respect to
J or Ty) temperature. This supports a scenario where
a crossover from 2D to 3D correlations sets in around
0.7 Tx preceded by a typical 2D regime of the TLHAF.
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