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Quantum spin liquid ground state in the trimer rhodate Ba;NbRh;0,,
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Frustrated magnets offer a plethora of exotic magnetic ground states, including quantum spin liquids (QSLs),
in which enhanced quantum fluctuations prevent a long-range magnetic ordering of the strongly correlated spins
down to lowest temperature. Here we have investigated the trimer based mixed valence hexagonal rhodate
BasNbRh;O;, using a combination of dc and ac magnetization, electrical resistivity, specific heat, and muon
spin rotation/relaxation («SR) measurements. Despite the substantial antiferromagnetic exchange interactions,
as evident from the Weiss temperature (6y ~ —35 to —45 K), among the Rh-local moments, neither long-range
magnetic ordering nor spin freezing is observed down to at least 50 mK, in ac-susceptibility, specific heat,
and zero-field SR measurements (down to 0.26 K). We ascribe the absence of any magnetic transition to
enhanced quantum fluctuations as a result of geometrical frustration arising out of the edge-sharing equilateral
Rh-triangular network in the structure. Our longitudinal-field SR result evidences persistent spin fluctuations
down to 0.26 K, thus stabilizing a dynamic QSL ground state in Ba4NbRh;O;,. Furthermore, the magnetic
specific heat data at low T reveal a significant 7'-linear contribution plus a quadratic 7 dependence, which may

indicate the gapless Dirac QSL phenomenology of the spinon excitations with a linear dispersion.

DOLI: 10.1103/PhysRevB.109.184403

I. INTRODUCTION

A quantum spin liquid (QSL) is a novel magnetic state
of matter without magnetic long-range order even at zero
temperature due to strong quantum fluctuations. The ground
state of a QSL does not invoke order parameters, and also
there is no breakdown of the paradigm of Landau’s symmetry
breaking in this exotic state [1]. Investigations of materials
hosting QSL ground states are of immense importance in the
context of understanding the mechanism of high-temperature
superconductivity [2,3], as well as for possible applications in
data storage, memory devices, and future generation quantum
computation [1,4-6]. Magnetic frustration can disrupt con-
ventional long-range magnetic order and establish a quantum
entangled ground state with nonlocal excitations [4,5,7-9].
Since Anderson’s proposal of the “resonating valence bond”
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in the antiferromagnetically interacting spin-1/2 triangular
lattices [10], the search for QSLs in geometrically frustrated
magnetic lattices has been one of the most fascinating quan-
tum materials research topics. The spin-orbit entanglement
of correlated electrons in 4d-Ru, Rh and 5d-Re, Os and Ir
based oxides has opened up a promising new avenue in the
exploration of a wide variety of quantum phenomena ranging
from Kitaev QSLs to topological superconductors [11-15].

In particular, the heavier 4d and 5d transition metal based
hexagonal perovskite oxides with face-sharing octahedral
units and edge-sharing triangular network can accommodate
a rich spectrum of frustrated quantum magnetism arising out
of the unique combination of spin-orbital coupling (SOC),
noncubic crystal distortion, hopping, covalent interaction,
geometrical frustration, enhanced quantum fluctuations, and
multiple magnetic superexchange interaction pathways [16].
Surprisingly, while the dimer-based 6H -hexagonal triple per-
ovskites with a general formula BasMM;09 (M = mono,
di, tri, and tetravalent nonmagnetic cation; M’, any 4d/5d
transition metal) have been extensively investigated from
the viewpoint of quantum magnetism [7,17-25], to date,
the trimer-based 12L-hexagonal quadrupole perovskite oxides
with a chemical formula Ba;MM}O,, have been much less
explored.

Shimoda et al. [26,27] investigated the crystal structure
and dc magnetization of BayLnM;0;, (Ln = rare earth ion;
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M’ = Tr, Ru) without shedding light into their true magnetic
ground states. More recently, Nguyen et al. studied the new
12L family of hexagonal perovskite oxides BasNbM.O,
(M’ = Ru, Rh, Ir) as potential QSL materials [28,29]. Unlike
BasMM; 0y, where the net magnetic moment of individual
M09 dimers may be zero due to the prevailing intradimer
antiferromagnetic coupling, in Ba4MM}0», the net magnetic
moment of individual M}0, trimers cannot vanish. An inter-
esting aspect of the BasNbM}O,, trimer compounds is that
the average valence of Ru/Rh/Ir is 3.67+4 without any charge
ordering among the crystallographic sites. While the M’ = Ir
system of the Ba;NbM};0,, family has been suggested to be
a potential QSL material via combined dc susceptibility and
heat capacity measurements, to date, the true magnetic ground
state in the materials with M’ = Ru and Rh has not been
disclosed [28,29].

Here we present a comprehensive experimental study by
means of electronic, magnetic, thermodynamic, and uSR in-
vestigations, on a polycrystalline sample of the trimer rhodate
BasNbRh3; O, (BNRO). Our temperature-dependent electri-
cal resistivity and valence band spectroscopy confirm the
presence of an energy gap at the Fermi energy (Eg) in
BNRO. Despite having significant antiferromagnetic inter-
actions [®w ~ —35 to —45 K between the sizable local
Rh moments (uesr ~ 0.73-0.8uz/Rh)], BNRO evades any
kind of magnetic long-range ordering and/or spin-glass freez-
ing down to 50 mK. A very high frustration index, f =
|Ow/Tmin| > 800, arises from the edge-shared equilateral
Rh-triangular network in this material. We observe a power-
law dependence of the low-T (<25 K) 4. data and M(H)
isotherm. Furthermore, we observe a remarkable universal
scaling relation of the xq4.(7,H) and M(H,T) in T/H and
H/T, respectively. Our zero-field (ZF) and longitudinal-field
(LF) uSR results confirm that the Rh moments in BNRO
remain dynamic, with no static magnetic ordering, down to
a base temperature of 0.26 K. Our temperature dependent
magnetic specific heat (Cy) data show a yT 4+ aT? form
between 0.05 and 2 K, indicating a gapless nature for the
spin excitations from a metal-like spinon Fermi surface of the
novel QSL ground state in this material.

II. EXPERIMENTAL TECHNIQUES

Polycrystalline samples of BasNbRh3O;, were prepared
using a conventional solid-state reaction route. Stoichiometric
ratios of the starting materials BaCOj3, Nb,Os, and Rh;03
(Sigma Aldrich, 99.95%, 99.9%, and 99.8%, respectively)
were thoroughly mixed in an agate mortar. The powder was
then calcined at 850 °C for 24 h in air. The resulting powder
was reground, pressed into pellets, and reannealed in air at
several higher temperatures (1000, 1100, and then 1150 °C
for 12-24 h at each temperature) with intermediate grind-
ings. The phase purity and crystal structure were determined
through powder x-ray diffraction (PXRD) using a Bruker D8
Advance diffractometer with Cu-K,, radiation. The structural
refinement was performed by the Rietveld technique using
FULLPROF [30]. The chemical homogeneity and cation stoi-
chiometry of the samples were checked by analyzing energy
dispersive x-ray (EDX) data collected in a ZEISS GeminiSEM
500 scanning electron microscope (SEM).

Temperature dependent electrical resistivity (p versus T')
measurements were performed using a standard four-probe
method over the temperature range 80-400 K using a Quan-
tum Design (QD) Physical Property Measurement System
(PPMS). X-ray absorption spectroscopy (XAS) measurements
at the Nb L3 and Rh L3 edges were performed at the BLI6A
beamline of the National Synchrotron Radiation Research
Center (NSRRC) in Taiwan. Valence band x-ray photoelectron
spectroscopy (VBXPS) measurements were carried out at the
Max Planck—-NSRRC HAXPES end station at the Taiwan un-
dulator beamline BL12XU at SPring-8, Japan. Measurements
were made at room temperature using linearly polarized light
with a photon energy of 6.5 keV and an energy resolution of
280 meV, using a MB Scientific A-1 HE analyzer mounted
parallel to the polarization direction [31]. To corroborate the
HAXPES data, we computed the partial density of states by
means of fully relativistic density functional theory (DFT)
calculations within the local density approximation (LDA)
using the full-potential local-orbital (FPLO) code [32]. The dc
magnetic susceptibility was measured using a Quantum De-
sign superconducting quantum interference device (SQUID)
vibrating sample magnetometer over the temperature range
2-300 K in applied magnetic fields of up to 60 kOe. The
temperature dependence of the specific heat, C,(T'), in applied
magnetic fields up to 90 kOe, was measured between 2 and
300 K in a QD-PPMS using a 2t relaxation method. The
specific heat and ac magnetic susceptibility, x..(T ), were also
measured between 0.05 and 4 K in a QD Dynacool PPMS.

Zero-field and longitudinal-field ©SR measurements on
polycrystalline Ba4,NbRh3;O;, were performed at the ISIS
Neutron and Muon Source, UK, using the MuSR spec-
trometer. For the ©SR measurements a powder sample of
BaysNbRh3O;, was mounted on a silver holder (99.995%
purity) using GE varnish diluted with ethanol. The sample
was covered with a thin Ag foil and the sample holder was
thermally anchored to a sample stick using high-vacuum sil-
icone grease. A He-3 system was used to cool the sample
to 0.26 K. The uSR data were analyzed using the MANTID
software package [33].

III. RESULTS AND DISCUSSION

A. Structural characterization and composition verification

The Rietveld refined PXRD pattern (see Fig. 1) of BNRO
at 300 K confirms the near single phase nature of the sample,
with the R3m space group in agreement with an earlier report
by Nguyen et al. [29]. The refined structural parameters along
with the goodness of fit factors are summarized in Table I in
Appendix A. Allowing the site occupancy of Nb and Rh atoms
in the structural refinement to vary led to a full occupancy for
these sites, indicating that the sample has the desired compo-
sition of Ba4NbRh3;0,. Introducing deliberate site exchange
between Nb and Rh did not improve the refinement, elimi-
nating the possibility of any Nb/Rh antisite disorder in this
material within the resolution of the structural determination.
The data also show the sample contains small amounts of
BaRhOj3 (~2%) and Nb,Os (<1%). Given that BaRhO; is a
Pauli paramagnet while Nb,Os is nonmagnetic, and that these
two phases occur in very small quantities, neither of these
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FIG. 1. Rietveld refinement of the powder x-ray diffraction pat-
tern for Ba;NbRh301, at 300 K. The observed (Y ) and calculated
(Yca) patterns and the difference (Yobs — Yca) are shown in black
circles and red and blue solid lines, respectively, while the green tick
marks denote the allowed peak positions for Ba;NbRh;O;, (upper
row of ticks), BaRhO; (middle row ticks), and Nb,Os (lower row of
ticks).

two phases should have any influence on the determination
of the ground state magnetism of BNRO (see Appendix B).

In agreement with previous work on BayNbM}O,, systems
[28,29], we did not find any evidence of long-range charge or-
dering (no structural superlattice peaks were observed) within
the trimer network of the BayNbRh3;O;, material. In addi-
tion, SEM-EDX analysis shows that, to within the accuracy
of this technique, the sample is chemically homogeneous
and the cation stoichiometry is retained at the target com-
position, i.e., Ba: Nb: Rh = 19.8(2) : 4.9(1) : 13.8(1) =4:
1 : 3. However, these data cannot rule out the possibility
of a variation in the oxygen stoichiometry of the form
Ba4Nth3012_5.

Figure 2(a) shows the crystal structure consists of three
face-sharing RhOg octahedra forming Rh3O;; magnetic
trimers. Each of the Rh3O1; trimers is connected to its neigh-
boring trimer through corner-sharing nonmagnetic NbOg
octahedra along the ¢ direction. Such a structural arrange-
ment should naturally give rise to stronger intratrimer Rh-Rh
magnetic exchange interactions compared to the intertrimer
Rh-Rh exchange couplings via Rh-O-(Nb)-O-Rh super-super-
exchange interaction pathways. The intratrimer magnetic
exchange comprises (i) Rh-Rh direct exchange and (ii)
Rh-O-Rh superexchange interaction pathways. The Rh ion
has two distinct crystallographic sites in this structure and,
consequently, there are two different Rh-O octahedral envi-
ronments, Rh10¢ [the middle site in the trimer, shown in
Fig. 2(b)] and Rh2Qg [the two end octahedra of the Rh30y;
trimer, shown in Fig. 2(c)]. As shown in Fig. 2(b), the Rhl
is octahedrally surrounded by six similar oxygen atoms (O1),

(a) (b) o1 (d) 5764
Rh1 o
Rh-O1=1.98 A
h2 OI1-Rh-O1= 180°(linear connectivity) P
o —l) 1 01-Rh-O1 = 88.37" (acute)
Rh;043 Rh1 =91.63" (obtuse)

02
Rh-02=2.1 A, Rh-O1 = 1.98A G

01-Rh-0O2 = 170.13" (linear connectivity)
(02-Rh-02),, = 96.09°
(O1-Rh-Ol)yye = 82.11°
(02-Rh-Ol)ue = 90.48°

FIG. 2. (a) Refined crystal structure of Ba4NbRh3;O;,. The atoms are shown in different colors, while the two distinct types of Rh and O
atoms in the Rh30,, trimer units are labeled. (b), (c) Two distinct RhOg octahedra with corresponding Rh-O bond lengths and O-Rh-O bond
angles. (d), (e) Edge-sharing equilateral triangular network of Rh ions (shown separately for Rh1 and Rh2 with the Rh-Rh bonds in distinct

colors).
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resulting in the six identical Rh-O1 bond distances and per-
fectly linear 180° O1-Rh-O1 connectivity, leading to a nearly
undistorted cubic environment. However, the Rh10g octahe-
dra undergo weak trigonal distortion in terms of the deviation
of O1-Rh1-O1 bond angles (~91.6°) from the ideal 90° ex-
pected for cubic symmetry.

On the other hand, as demonstrated in Fig. 2(c), the Rh2
ion is acted upon by local noncubic crystal fields arising from
the combined influence of (i) two types of oxygen atoms
(O1 and 0O2) around Rh2 and, correspondingly, two dissimilar
Rh2-0 bond distances (Rh2-O1 and Rh2-02), (ii) departure of
the linear O1-Rh2-0O2 connectivity (~170.13°) from perfect
180°, and (iii) rotational distortion around the Rh20¢ octa-
hedra through the presence of multiple O-Rh2-O bonds (e.g.,
0O1-Rh2-01, O1-Rh2-02, and 0O2-Rh2-02) and the deviation
of each of these bond angles from the ideal 90° of an undis-
torted octahedra. So, it is quite clear that the Rh-O octahedra
host different degrees of local noncubic crystal distortions.
This will lead to a difference in the lifting of the Rh-#,, orbital
degeneracy locally for the two given Rh-crystallographic sites
and, as a result, the local magnetic environments correspond-
ing to the Rh-Rh magnetic superexchange via oxygen will be
different for the two Rh sites within the trimers. It is there-
fore quite reasonable to expect that two-thirds of the Rh3O,,
trimers should exhibit a different magnetic response from that
of the remaining third. Lastly, as shown in Figs. 2(d) and 2(e),
both the Rh1 and Rh2 ions of the Rh30; trimers separately
form edge-sharing equilateral triangle networks in 3D, thus
generating a high degree of geometric frustration in BNRO.

B. Electronic characterization

The electrical resistivity, p(7'), of BNRO increases with
decreasing temperature from ~15Q cm at 400 K, to
~10° © cm at 80 K, where the resistance of the sample then
exceeds the limit of the apparatus [see Fig. 3(a)]. The p(T)
curve follows an Arrhenius activated behavior, with an energy
gap of A ~0.32(3) eV between 240 and 400 K and then
undergoes a change in behavior, following a 3D Mott variable-
range-hopping mechanism below 240 to 80 K.

The Rh and Nb valences in this system were checked using
x-ray absorption spectroscopy at the Nb L3 and Rh L3 edges.
The results are summarized in Figs. 3(b) and 3(c). We have
also measured Nb,Os, SroRhOy4, and LaRhO3 as reference
compounds.

For 4d transition-metal oxides, the L3 XAS spectrum
basically reflects the unoccupied #y,- and e,-related peaks in
the O;, symmetry due to the larger bandlike character and
the stronger crystal field, while the relatively weak intra-
atomic multiplet and spin-orbit interactions only modify the
relative intensity of the f5,- and eg-related peaks [34-36].
Figure 3(c) shows the Rh-L; XAS spectrum of BNRO, to-
gether with Sr,RhO, as a Rh*" reference with one hole in
the #,, orbitals (4d°) and LaRhO; as a Rh** reference with
fully occupied t,, orbitals (4d 6). As the energy of the BNRO
spectrum lies between those of LaRhO3 and SrpRhOy, but
slightly closer to Sr,RhOy4, we estimate the Rh valence state
of 3.65+ in BNRO, in agreement with the expected average
3.67+ valence of Rh in this material. Another spectral feature
indicative of the mixed Rh®* and Rh** valence in BNRO

is the existence of the lower energy shoulder related to an
unoccupied f,, peak albeit relatively weak as compared with
that in Sr,RhO4. As depicted in Fig. 3(b), the Nb-L; XAS
spectrum of BNRO lies at the same energy as that of Nb,Os
indicating a Nb>* valence state in the former fulfilling charge
balance requirements.

To confirm the gapped electronic nature of this compound,
valence band x-ray photoemission data were collected on this
material and the results are displayed in Fig. 3(d). The com-
plete absence of any density of states at the Fermi level affirms
the insulating behavior of this material. In order to better
understand the experimentally collected VBXPS spectrum,
we performed density functional theory calculations, with the
results shown in Fig. 3(e). The calculated partial density of
states (PDOS) in the top panel shows that the O 2p bands are
widely spread between 8 and 0 eV, while Rh 44 has two main
features at around 6 and 1 eV, corresponding to the bonding
and antibonding from its strong hybridization with the O 2p
[37]. The Nb 4d PDOS is similarly split into two features at a
higher binding energy compared to the Rh, as expected from
its higher oxidation state. The Ba 5p semicore level shows
two deep peaks split by SOC, corresponding to the 5p3,, and
5p1/2 contributions, as well as a small amount of weight in the
PDOS in the valence region due to weak hybridization to the
valence bands.

Our LDA calculations provide a metallic solution, as the
O 2p-Rh 4d bands cross the Fermi energy, indicating the
critical role of electron correlations in opening up a gap in this
material and, thus, in determining the electronic ground state.
Finally, to simulate a spectrum from the PDOS, we multiply
each of the PDOS by its photoionization cross section as well
as the Fermi function and broaden the result. A rigid shift
of 0.8 eV was also applied to take into account the mild
effect of correlations. The bottom panel of Fig. 3(e) shows the
result of the simulation, which provides a reasonable match
to the experiment. The spectral weight of the experimental
valence band can be explained mainly by the Rh 4d bonding-
antibonding peaks, with mixed contributions mainly from the
Ba 5p, which has a very high cross section resulting in its
small contributions in the valence region being strongly en-
hanced [31]. On the other hand, O 2p, due to very small cross
section at high energies, is completely suppressed in the hard
x-ray photoemission spectrum.

C. dc and ac magnetizations and universal scaling

The temperature dependence of both zero-field-cooled
(ZFC) and field-cooled (FC) dc magnetic susceptibilities in
several applied magnetic fields is shown in Figs. 4(a)-4(c)
(with data in other fields shown in Appendix C). Rather
featureless paramagneticlike dc susceptibility curves are ob-
served in all the applied magnetic fields with no evidence of
magnetic ordering and no sign of noticeable thermomagnetic
irreversibility (i.e., ZFC/FC divergence) down to 2 K. An M
versus H isotherm at 2 K (see Appendix C) also shows no
coercivity or remanent magnetization. Furthermore, the tem-
perature dependence of the ac magnetic susceptibility, (Xac),
was measured down to 50 mK at selected frequencies. The
real part of the ac susceptibility, x,.(7"), shown in Fig. 5 re-
veals no cusp or peaklike feature, or any noticeable frequency
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FIG. 3. (a) Temperature dependence of the zero-field electrical resistivity between 80 and 400 K (open colored circles) along with the
fits (solid colored lines) in different temperature regions. (b) Nb L;-edge XAS spectrum of Ba4NbRh;O, along with Nb,Os for comparison.
(c) Rh-L; edge XAS spectrum for Ba;NbRh;0,, along with Sr,RhO, and LaRhOj; for comparison. (d) Valence band photoemission spectrum
for Ba;NbRh;0,, Inset: expanded view of the same near the Fermi energy (solid black line) showing a clear energy gap. The valence band
spectrum (solid red line) for gold was measured as a reference to obtain an accurate energy calibration. (e) (Top) Calculated partial density of
states (PDOS) of the principal contributions in Ba;NbRh3;O,. (Bottom) Simulated HAXPES valence band spectrum, obtained by multiplying
the PDOS of the occupied states shown in the top panel by their respective photoionization cross sections at 6.5 keV photon energy, followed
by a broadening to account for experimental conditions, and then their summation.

dependence between 50 mK and 4 K, ruling out a spin frozen
magnetic ground state in Ba4NbRh3O5;.

The Curie-Weiss (CW) fit parameters of disordered mag-
netic systems often depend on the applied magnetic field and
the temperature range over which the fits are performed [38].
With this in mind CW fits (x = xo + (Tf—Gm, where y is a
temperature independent susceptibility and C and ®w are the
Curie constant and Weiss temperature, respectively) were per-
formed on the 5 and 10 kOe FC dc susceptibility data between
100 and 300 K [see Fig. 4(c) and Appendix C]. These fits
give an effective magnetic moment, e ~ 0.73-0.8uz/Rh

and Ow ~ —35 to —45 K, suggesting substantial antiferro-
magnetic interactions between the Rh moments (see Table II
in Appendix C for the CW fit parameters at different tempera-
tures and applied fields). |®w]| is a little higher than an earlier
report [29], while a per of 1.48ug/f.u. (or ~0.85ug/Rh) in
Ref. [29] is close to the value estimated here. Our peg per Rh
ion is smaller than the spin-only value of S = 1/2 (= 1.73uy)
for a Rh*t 44d° species. The nonzero .y contrasts with the
expected nonmagnetic ground state of the Rh3Oj, trimers
having an average Rh valence of 3.67+ and a distribution of

16 4d electrons in the a7, e; a3, ¢; € configuration [28] within

8
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FIG. 4. Zero-field-cooled (ZFC) and field-cooled (FC) dc magnetic susceptibility data as a function of temperature in applied fields of 100
Oe (a) and 10 kOe (b). (c) T dependence of the ZFC and FC dc susceptibility curves in 5 kOe, along with Curie-Weiss fitting (solid cyan line)
to the field-cooled susceptibility data. Inset: inverse susceptibility versus temperature along with the linear Curie-Weiss fit.

the Rhs-only model of the trimer, revealing a deviation from
the purely trimer orbital picture in Ba4JNbRh3;O,. Together,
these results suggest a delicate balance between SOC, noncu-
bic crystal fields, covalency, and the Rh-Rh direct exchange
within the Rh3Oy, trimers [39] in Ba4,NbRh3Oy;.

x (T') exhibits a power-law behavior, x(T) ~ T~%, where
as = 0.34 at 100 Oe, and then gradually decreases with in-
creasing H, reaching oy = 0.2 for 30 kOe, instead of having
a Curie tail, at T < 25 K (see Appendix C). Such behavior
indicates finite spin degrees of freedom and eliminates the
possibility of extrinsic paramagnetic impurities being at the
origin of the observed magnetic behavior observed in this
material [40,41]. The 2 K M (H ) curve also shows a power-law
dependence, M(H) ~ H I=em with o, = 0.32 [see inset to
Fig. 6(b)], over almost the entire measured field range. Such
a power-law behavior in both x(7) and M(H) with o5 ~ o,

—0O—500Hz — @ 1000 Hz
— 2.657 —A—5000 Hz —©—8000 Hz
aé 5] —O0—10 kHz
s 2
£
5 2.559
o
o, 2.57
= 2451

2.44

T (K)

FIG. 5. Temperature dependence of the real part of ac magnetic
susceptibility x,. on alog-log scale between 0.05 and 4 K at selected
frequencies v = 0.5, 1, 5, 8, and 10 kHz, with an ac excitation field
H,. = 1 Oe and no dc-applied field.

constitutes a signature characteristic of a spin-liquid/valence-
bond/random-singlet [40—44]. Further, to check the validity
of dynamical scaling behavior, we plot H* y4.(T") versus T /H
and T ~'M(H) versus H/T in Figs. 6(a) and 6(b), respec-
tively. Significantly, the (H, T)-dependent x4 data [Fig. 6(a)]
overlap over nearly four orders of magnitude in the 7/H
with the same value of o, = 0.3. As shown in Fig. 6(b), a
similar scaling is seen in the M (H) isotherms (up to H = 60
kOe) at different temperatures (2, 5, 10, and 50 K), where the
T ~'M(H) versus H/T curves with o, = 0.32 collapse onto
a single scaling curve. The scaling exponent of 0.3-0.32 for
the two distinct thermodynamic quantities x(7") and M(H)
agree exceptionally well, mirroring with the universal scaling
relation of frustrated quantum magnets featuring a QSL phase
[40—42.45].

D. Muon-spin-rotation/relaxation (uSR)

To gain further insights into the magnetic ground state and
the nature of local spin dynamics in BNRO, we employed the
1SR technique, which is a highly sensitive microscopic local
magnetic probe to detect small static local fields (of the order
of 0.1 Oe) arising from long-range order or spin freezing.

Zero-field ©SR measurements were carried out down to
0.26 K with the results shown in Fig. 7(a). The absence of
coherent spontaneous oscillations and/or a % drop in the ini-
tial muon asymmetry rules out any static long-range magnetic
order down to 0.26 K in BNRO. The ZF-uSR asymmetry
curves from 50 to 0.26 K have been fit satisfactorily using
a combination of a simple exponential decay and a stretched
exponential relaxation function,

A(t) = Apkg + A1 exp(—112)? + Asexp(—rat). (1)

The first term in Eq. (1) accounts for the time independent
background from the muons stopping in the silver sample
holder. Ap; was estimated by fitting the data at 0.26 K and
was then kept fixed at 0.052 throughout the ZF data analysis.
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The second and third terms model fast and slowly relaxing
components corresponding to two different muon stopping
sites, which are likely to be related with the two crystallo-
graphically inequivalent Rh sites and the resulting dissimilar
oxygen coordination environments within the Rh3Oy; trimer
of the 12L structure (see Fig. 2 and details of the structure). A1,
Xy, and Ay, A, are the relaxation rates and the relative weight

Muon asymmetry A(t)
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fractions of the muon asymmetry amplitude of the fast and
slow relaxing parts, respectively. The total muon asymmetry
is fixed at ~0.25, while the values of A; and A, remain nearly
unchanged at ~0.13 and ~0.067, respectively, throughout
the T range of the ZF measurements. Based on the obtained
asymmetry amplitudes A; and A,, the development of fast
and slow relaxing components can roughly be ascribed to the

d
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FIG. 7. (a) Time evolution of the zero-field muon asymmetry curves at selected temperatures. Temperature dependence of the (b) fast and
(c) slow relaxation rates and (d) the stretched exponent associated with A, shown on log-linear scales to enhance the clarity of the presentation.
Insets show views over a reduced temperature window. The uncertainties on the experimental data points in (a) and the fitting parameters (1,
A2, and B) are all below 2% and so are not shown for clarity. The broad shaded lines in (b), (c), and (d) are guides to the eye.
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FIG. 8. (a) Time evolution of the muon asymmetry at the base temperature 7 = 0.26 K in longitudinal applied fields. (b) Variations of
the muon asymmetry amplitude for the fast relaxing component (left y axis) and the slow relaxing part (right y axis) as a function of applied
longitudinal field (LF) on a log-linear scale. (c) Longitudinal field (LF) dependence of the fast relaxation rate (left y axis) and its associated
stretched exponent (right y axis) on a log-log and linear-log scale, respectively. (d) Log-log scale plot of the longitudinal field dependence of
the slow relaxation rate. Log scales are employed to better illustrate the field dependence of the data.

contributions from distinct local internal fields corresponding
to, respectively, the two-thirds (Rh2Og at the ends) and one-
third (Rh1Og in the middle) of the Rh3O, trimer units. We
support our two-component SR fitting model by considering
the distribution of muon-spin relaxation rates around the more
inhomogeneous Rh2 site (two sets of Rh-O distances, a depar-
ture of the O1-Rh2-O2 bond angle from linear 180°, and the
presence of stronger trigonal distortion in light of larger de-
viation of the O-Rh2-O bond angles from 90° of ideal cubic)
that would naturally give rise to stretched exponential relaxing
component A exp(—Alt)ﬂ, while a nearly undistorted local
octahedral environment around the Rh1-site (six identical Rh-
O distances and perfect linear 180° O1-Rh1-O1 connectivity)
would offer a simpler exponential relaxation A; exp(—Azt).
As shown in Fig. 7(a), the asymmetry curves do not change
appreciably from the measurement at lowest temperature, T =
0.26 K, to about 2 K, and upon further increase in temperature
the muon spin relaxation starts to gradually decrease. As illus-
trated in Figs. 7(b) and 7(c), the relaxation rates, A1 and A,, of
the fast and slow relaxing components, respectively, remain
nearly constant (A; ~ 0.1 us~' and A, ~ 0.07-0.08 us~') in
the temperature range of 50 to 10 K, in agreement with the
paramagnetic fluctuations [22] of Rh local moments. Between
~5 and 2 K, the relaxation rates A and A, gradually increase
with decreasing temperature, indicating a slowing down of
the Rh-spin fluctuations, as commonly observed in other QSL
materials [22,46-49]. Despite such an obvious slowing down

of the spin dynamics there is no static long-range magnetic
order in this system as inferred from the absence of diverg-
ing relaxation rate at lowest temperature [see Figs. 7(b) and
7(c)]. Rather, upon further cooling below 2 K, both A; and A,
level off (A; ~ 2.9 us~! and A, ~ 0.135 us~!) and maintain a
nearly temperature-independent plateaulike behavior between
2 and 0.26 K. This suggests the persistence of strong quantum
spin fluctuations [22,46-50]. The exponent, 8, of the fast
relaxation gradually decreases on lowering the temperature,
reaching an almost constant value of ~0.6 between 2 and
0.26 K [see Fig. 7(d)]. Here, B is larger than the 8 = 1/3 of
a canonical spin glass [51], making it less likely that any spin
freezing is associated with the fast relaxation in the ground
state.

Muon decoupling experiments were performed in several
applied longitudinal fields at 0.26 K and the results are shown
in Fig. 8(a). The LF-uSR data were fit using Eq. (1), where
Apkg is fixed at the ZF value of 0.052 and A; and A; re-
main nearly independent of the applied longitudinal fields
[see Fig. 8(b)]. As shown in Figs. 8(a), 8(c), and 8(d), the
relaxation rates of both the fast and slow relaxing compo-
nents gradually decrease with increasing applied LF. There
is a significant decoupling of the muons from the local in-
ternal fields at moderate applied LFs; however, there is still
some relaxation at the highest applied LF of 3000 Oe [see
Fig. 8(a) and also the A; (i = 1,2) versus H variations in
Figs. 8(c) and 8(d)]. If the muon depolarization arises from
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any static internal magnetic field of width A H;, the zero-
field muon relaxation rates, A; ~ 2.9 us~' (fast relaxation)
and Ay &~ 0.135 us~! (slow relaxation) obtained from the ZF
1SR data analysis at the lowest measured temperature, would
suggest an estimated static field (AH; >~ 27 A;/y,, where y,
is the muon gyromagnetic ratio) of about AH; ~ 21.3 Oe
and AH, ~ 1 Oe. It may then be anticipated that an applied
longitudinal field of SAH; to 10AH; would completely sup-
press that static internal field and, consequently, completely
decouple the muon spins from the influence of the static
moments/fields [22,48,49,52,53]. Here we applied longitudi-
nal fields up to 3000 Oe, which is about 140 and 3000 times
larger than AH; ~ 21.3 Oe and AH, ~ 1 Oe, respectively, yet
astonishingly there is no sign of full suppression of the muon
depolarization. This corroborates the existence of strongly
fluctuating Rh spins down to at least 0.26 K in Ba4NbRh3O5.

The field dependence of the relaxation rates was analyzed
using the Redfield formula [54]:

2)/3 (leoc) v

Mp(H) = ————.
v2 4+ yﬁHEF

@)

Here v is the fluctuation rate (related to the correlation time
T = 1/v), Ho is the time average of the fluctuating amplitude
of local internal field, and Hyp is the applied LF field. As
shown in the semilog plot of Fig. 8(c), A; is well described
with the Redfield formula, while A, is not, because of the
double-step-like structure at lower fields [see Fig. 8(d)]. The
inadequacy of the Redfield formula in describing the LF
dependence of A, (the slowly relaxing component) possibly
suggests the development of some more complex additional
spin correlations and therefore warrants future investigations.
The parameters estimated from the fit to A;(H) [Fig. 8(c)]
using Eq. (2) are Hj,. & 42 Oe and v = 9.98 MHz. As demon-
strated in Fig. 8(c) (right y axis), the stretched exponent 8 of
the fast relaxing component initially decreases and exhibits
a minimum near 200 Oe and then monotonically increases
with field and gradually approaches close to 1 with increasing
applied LF.

E. Specific heat

The extent of magnetic frustration in any magnetically
disordered material is inevitably reflected through the amount
of retained magnetic entropy within that system at very low
temperature. To investigate the magnetic ground state and the
nature of low-energy spin excitations in this compound, we
have measured the temperature dependence of the specific
heat (C;) from 0.05 to 200 K in both zero and several applied
magnetic fields.

Taking the lattice contribution to the total C, to be negligi-
ble in the temperature range 0.05-4 K, we assume C, ~ Cy,
the magnetic specific heat, in this low temperature region.
Co(T) from 2 to 200 K [Fig. 9(a)] and Cy, versus T between
0.05 and 4 K [Fig. 9(c)] show no sharp A-like anomaly, sup-
porting the absence of a thermodynamic phase transition to
a long-range magnetically ordered state and/or a structural
phase transition.

After subtracting the lattice contribution, Cp, from the spe-
cific heat between 2 and 200 K (see Appendix D for details

of how Cp was estimated), we combine the result with the
0.05-4 K C(T) data in order to illustrate the temperature
dependence of the magnetic specific heat over the entire mea-
sured 7 range. The magnetic specific heat Cy,,(T") [Fig. 9(b)]
reveals a weak but noticeable field dependence below ~10 K,
indicating short-range magnetic correlations. Furthermore, Cy,
exhibits a broad, strictly field-independent maximum around
28-32 K, suggesting a highly frustrated nature for the mag-
netic interactions in Ba4NbRh30,, as seen in several reported
spin liquids [5,55,56]. The release of magnetic entropy Sp,
[inset to Fig. 9(b)] in zero field, obtained by integrating CT
with respect to T, gives only &~ 25% of the maximum R In 2
(5.76 J/mol K?) for a completely ordered magnetic state.
This points towards the retention of a large percentage of
magnetic entropy, indicating the presence of persistent spin
fluctuations and also low-energy spin excitations in this sys-
tem [9,29,46,57,58].

Focusing on the data from 0.05 to 4 K, an upturn is evident
in the zero-field C,,(T')/T data [see inset to Fig. 9(a)], which
is systematically weakened by the application of a magnetic
field, a common occurrence in many QSL materials [29,57—
61]. As shown in Fig. 9(c), C,(T')/T in both zero field and
applied fields has a negative log(7T') dependence with de-
creasing temperature and then exhibits a peaklike feature at
~2.45 K. This might suggest the emergence of a quantum
critical region [62,63]. The observed anomaly is unaltered by
the application of applied fields and so could not be ascribed
to a two-level Schottky anomaly effect due to paramagnetic
impurity spin centers. As our combined dc, ac magnetiza-
tions and uSR data indicate that there is no static magnetic
ordering down to at least 0.05 K, it is also very unlikely this
anomaly in C,,(T)/T is the result of any magnetic ordering.
Instead, one explanation could be the dominance of magnetic
fluctuations in the low-T heat capacity. On the other hand,
this peak may be indicative of a crossover from a thermally
disordered paramagnetic to a quantum disordered spin-liquid
phase [22,47,52,56,64]. Note that this anomaly occurs in a
similar temperature range to the 7-independent plateaulike
behavior in the ZF pSR relaxation rates. All these points
indicate the emergence of a low-temperature dynamic QSL
phase.

In order to obtain a deeper understanding of the nature of
low-energy spin excitations in the ground state of BNRO, the
Cn(T) data between 0.05 and 2 K, with and without magnetic
fields [see Fig. 9(d)], were analyzed using

Cn =yT +aT? + fCscn, 3)

where f represents the number of paramagnetic impurity cen-
ters, while Csop = R(%)z% denotes a standard
two-level Schottky contribution, corresponding to f% of free
spins. A/kg defines the two-level Schottky energy gap. y in
Eqg. (3) is an anomalous linear term representing the Som-
merfeld coefficient typically observed in metals. Fitting yields
an f value of ~1.4%, which implies a very small proportion
of impurity free-spin centers in the sample, in line with the
structural and EDX characterization. As shown in Fig. 9(f),
the Schottky energy gap A/kg varies linearly with H and the
estimated g value of 1.8 matches quite well with the ideal
Landé-g factor, g =2, for an § = 1/2 spin of a 4d° Rh*"
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between 2 and 200 K for H = 0 (open black circles) and the lattice

contribution (solid red line) estimated using a Debye-Einstein model. Inset: C,,/T versus T curves in both the zero and several applied
magnetic fields between 0.05 and 4 K. (b) Temperature dependence of the magnetic specific heat C;,, and zero-field magnetic entropy Sy,
(top left inset); (c) Cy,/T versus log(T') plots along with the respective linear fits (solid colored lines) for 2.5 < T < 4 K. (d) Temperature
dependent magnetic specific heat G, data in the range 0.05-2 K for different applied fields, along with the respective fits (solid colored lines).
(e) The variation of the coefficients of linear (green open circles; left y axis) and quadratic (red open circles; right y axis) terms is shown as a
function of applied H. (f) Schottky energy gap versus applied field and the corresponding linear fit.

ion. This small fraction of paramagnetic Rh*" centers might
arise from the BaRh*+O5 secondary phase. It is quite clear
that such a low fraction of paramagnetic Rh** impurities
cannot explain either the intriguing low-7 magnetic specific
heat or the magnetic response of this material. Rather, the
resulting ground state magnetic and thermodynamic behaviors
are governed by the Ba4;NbRh3O1; phase.

The fits reveal that C,, has a linear 7 dependence
in all the measuring fields, which together with the
large ¥ [Yave 70 mJ mol~'K~2 for H < 10 kOe and
~ 45 mJ mol 'K~2 for H > 30 kOe, as shown in Fig. 9(e)]

are unusual for charge-gapped spin-orbit Mott insulators
and signify low-lying gapless spin excitations from a
metal-like spinon Fermi surface. In other words, the
presence of a finite y in BaysNbRh3;Oj, could suggest
the fractionalization of electrons and a persistent metal-like
spinon Fermi surface, as discussed in the context of a
gapless QSL ground state [5,17,50,65-69]. The y in BNRO
is substantial and contrasts with the small y values found
in disordered insulators such as TiO, (~0.1 mJ/mol K2
[70]), but is comparable with those reported in other gapless
QSL candidates, such as Ba3CuSb,09 (43.4 mJ/mol K?)
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[71], BasZnlr,Oy (25 mJ/mol K?) [17], Ba,YIrOs
(44 mJ/mol K?)  [65], BasNilr,O9 (45 mJ/mol K?)
[52], SI‘QCU(TC(),5W0,5)06 (542 mJ/mol Kz) [58],
EtMe;Sb[Pd(dmit),], (20 mJ/mol K?) [72], and herbert-
smithite ZnCu3(OH)¢Cl, (33-50 mJ/mol K?) [73].

At very low T, C, also exhibits a significant T2 de-
pendence, with oy A~ 25 mJ/mol K3 for H < 10 kOe and
~ 40 mJ /mol K3 for H > 30 kOe [see Fig. 9(e)], which is
common in the spin-orbit coupled heavier 4d and 5d transition
metal based quantum magnets as a fingerprint of a gapless
QSL ground state [74-77]. The notable changes in both y
and o shown in Fig. 9(e) in applied fields H > 10 kOe may
be a topic for future in-depth high-field SR studies. Only a
combined y T + aT? fit gives a satisfactory agreement with
each C,(T) data set between 0.05 and 2 K. The quadratic
dependence may result from novel Dirac QSL phenomenol-
ogy in terms of so-called Dirac spinon excitations with linear
dispersion, similar to that recently reported in Sr3CuSb,0Oq
[48] and YbZn,GaOs [78]. Such a T2 dependence is often
seen in frustrated quantum magnets that follow a power-law
scaling with a data collapse of the thermodynamic quantities
in the dimensionless entities 7/H and H/T [40,42]. How-
ever, unlike the universal scaling relation for x(7") and M (H)
discussed above, the C,[T, H]/T data for Ba4JNbRh3;O, do
not show a power-law scaling [Fig. 9(c)] and data collapse
in T/H [see Fig. 10(b) in Appendix C for the scaling expo-
nent o = 0.31], implying additional low-lying excitations, as
previously reported in the case of the candidate Kitaev QSL
material Cu,IrO; [40].

IV. CONCLUSION

Our in-depth dc and ac magnetic susceptibility, magnetic
specific heat, and muon-spin-rotation/relaxation investiga-
tions point towards the stabilization of a gapless quantum
spin liquid ground state in this trimer based mixed-valent 4d
rhodate Ba4NbRh;Oj,. Despite significant antiferromagnetic
interactions between the sizable Rh-local moments, BNRO
does not exhibit any static magnetic ordering, instead showing
the presence of continuously fluctuating dynamic Rh mo-
ments down to 50 mK, which is well below the ®w of —35
to —45 K. The edge-shared equilateral Rh triangular network
exerts strong geometric exchange frustration, which facilitates
enhanced quantum fluctuations among the Rh moments and,
hence, stabilizes a dynamic QSL ground state. The magnetic
specific heat reveals a significant T-linear plus 7% depen-
dence. The former suggests gapless spin excitations in this
charge-gapped insulator, while the latter may indicate the
presence of Dirac spinons with linear dispersion. The Rh L3-
edge x-ray absorption spectroscopy confirms the Rh valence
to be in agreement with the expected average 3.67+ in this
material. Our work offers new material directions to explore in
the field of QSLs, within the relatively unstudied moderately
spin-orbit coupled 4d family of rhodates.
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APPENDIX A: STRUCTURAL PARAMETERS OBTAINED
FROM A RIETVELD REFINEMENT OF PXRD DATA

Table I gives the structural information extracted from the
Rietveld refinement of the powder x-ray diffraction data at
300 K for Ba4NbRh30, shown in Fig. 1.

APPENDIX B: VALIDATION OF INTRINSIC MAGNETISM

The measured dc magnetic susceptibilities and the result-
ing CW fit parameters are consistent among the different
batches of this material and with the specific-heat measure-
ments discussed above. If one insists on claiming that bulk
BasNbRh3;Oy, is nonmagnetic and the observed magnetic
moments (per ~ 0.73-0.8ug /Rh) arise from extrinsic impu-
rities, this would require roughly 26% of a spin-1 Rh>* 44*
or ~43% of a spin-1/2 Rh*" 44> impurity, both of which
are orders of magnitude larger than the impurity levels found
in our structural characterization. Furthermore, the tempera-
ture independent paramagnetic susceptibility, estimated from
the CW fitting, is o ~ 5 x 1073 emu/mol Oe, which is or-
ders of magnitude smaller than that reported for BaRhOj3
(~1073 emu/mol Oe) [80]. In addition, given that the ef-
fective magnetic moment in BaRhOs, pes, is ~0.27uz/Rh,
~3% of BaRhOj; impurity in our Ba4,NbRh3O;, compound
would only result in ~0.01ug per Rh, much smaller than
the value obtained from our CW fit. The Weiss temperature,
®Ow ~ —10 K, of the Pauli paramagnet BaRhO; [80] is also
considerably lower than those of Ba;NbRh;O;, estimated in
the present work. All these factors support the intrinsic nature
of bulk magnetism in our Ba4NbRh30;, sample.

APPENDIX C: ADDITIONAL MAGNETIC
CHARACTERIZATION DATA

Magnetization versus field isotherms between 2 and 250 K
[Fig. 10(a)] reveal paramagnetic behavior. Figure 10(b) shows
the scaling behavior of the magnetic specific heat at various
applied magnetic fields. Our analysis reveals deviations from
a universal scaling behavior in the H*C, /T versus T/H
data with a scaling exponent oy = 0.31. Figure 11 shows the
temperature dependent zero-field-cooled and field-cooled dc
magnetic susceptibility at various applied magnetic fields. The
fit parameters obtained from the analysis of the susceptibility
are given in Table II. Figure 12 shows the power-law behavior
of the dc magnetic susceptibility at low temperature.
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TABLE I. Structural information extracted from the Rietveld refinement of the powder x-ray diffraction data at 300 K of Ba;NbRh;0,.
Space group: R3m, a = b = 5.7631(6) A, ¢ =28.4649(9) A, y =120°, V = 811.103(11) A3; R, =7.56, Ry, = 10.95, Rex, = 7.64, X2 =

2.05. B is the isotropic temperature factor.

Atom Site Occupancy x y Z B (A%

Bal 6c 1.000 0 0 0.11669(15) 0.006(26)
Ba2 6c 1.000 0 0 0.25776(18) 0.0068(30)
Nb 3a 1.000 0 0 0 0.0095(38)
Rh1 3b 1.000 0 0 0.5 0.0085(18)
Rh2 6c 1.000 0 0 0.41064(16) 0.0085(18)
(0] 18h 1.000 0.4929(18) 0.5071(20) 0.1254(14) 0.015(32)
02 18h 1.000 0.5072(22) 0.4988(15) 0.2918(21) 0.015(32)

APPENDIX D: ESTIMATE OF THE LATTICE
CONTRIBUTION (;, TO THE SPECIFIC HEAT

Co(T) between 2 and 200 K is modeled by the sum of the
lattice (Cy.) and magnetic (C,) contributions, as the presence
of any two-level Schottky anomaly effect due to paramagnetic
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FIG. 10. (a) M(H) isotherms at selected temperatures. (b) De-
viations from the universal scaling behavior in the H*C,,/T versus
T /H data with the scaling exponent oy = 0.31.

impurity centers has been found to be negligible from a two-
level Schottky anomaly analysis (not shown) in the 2-20 K
C, data. In the absence of a suitable nonmagnetic analog, Ci.
was estimated by fitting the high-temperature (65-200 K) C,
data using a Debye-Einstein model with a combination of one
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FIG. 11. Temperature dependent zero-field-cooled and field-
cooled dc magnetic susceptibility curves in (a) 500 Oe, (b) 2000
Oe, (c) 5000 Oe, and (d) 30 kOe applied fields. (e) T dependence
of zero-field-cooled and field-cooled 10 kOe dc susceptibility curves
along with Curie-Weiss fitting (solid red line). Inset: respective in-
verse susceptibility versus temperature plot along with linear CW fit
(solid red line), where the extended dashed blue line down to the
lowest temperature shows a departure from the CW fit.
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TABLE II. Parameters obtained from fitting the dc magnetization
data to a Curie-Weiss law over two temperature ranges in several
applied magnetic fields for Ba;NbRh3;Oj,. The R? values indicate
the goodness of the fits.

T range H Ow eff xo x 1073 Adj. R?
(K) (kOe) (K) (up/Rh) (emu/mol Oe)

100-300 2 —48.5(1) 0.80(1) 7.30(1) 0.9959(6)
150-300 2 —35.9(1) 0.75(1) 8.92(1) 0.9946(7)
100-300 5 —44.5(1) 0.77(1) 5.30(1) 0.9996(5)
150-300 5 —40.2(1) 0.80(1) 3.72(1) 0.9993(6)
100-300 10  —40.3(1) 0.74(1) 4.99(1) 0.9998(6)
150-300 10 —37.6(1) 0.78(1) 3.67(1) 0.9995(8)
100-300 30 —45.4(1) 0.73(1) 4.15(1) 0.9997(8)
150-300 30 —34.9(1) 0.73(1) 4.10(1) 0.9993(6)

Debye and three Einstein (1D + 3E) functions, yielding a
Debye temperature of ® ~ 100 K and Einstein temperatures
of ®g; ~ 654 K, Op; ~ 200 K, and O3 ~ 454 K. During
this fitting, Cp and Cg, were assigned as weighting factors
corresponding to the acoustic and optical modes of atomic
vibrations, respectively, where Cp : Cg, : Cg, : Cg, = 13.44 :
3.65:2.75 : 1.00, resulting in the sum Cp + Zi Cg, equal to
20.64, which is close to the total number of atoms (20) per
formula unit in Ba4NbRh3O,. This fit was then extrapolated
down to the lowest measured temperature [see Fig. 9(a)] and
taken as the Cp, which was then subtracted from the total
C,. The estimated magnetic contribution to the specific heat
(Cy) due to correlated Rh moments is shown in Fig. 9(b).
It is possible that the lattice contribution to the specific heat
is overestimated due to the relatively high energy scale of

O 5000 Oe
ocT 028

O 1000e 4
o034 3

© 5000e
e o T 7031

(b)

% (10 emu.mol'.Rh"1.0e)
[y}
% (103 emu.mol'.Rh1.0e™!)

O 30k0e

e o T 0-2

© 2000 0e
T 03
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FIG. 12. [(a)-(f)] Temperature dependence of the dc magnetic

susceptibility at different applied magnetic fields on a log-log scale,
along with power-law fits (solid colored lines) in the 2 to 25 K range.

the intratrimer Rh-Rh direct exchange, compared to that of
the 3d transition-metal ions, leading to an underestimate of
the magnetic contribution to the total specific heat at higher
temperatures.
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