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Single crystals of the van der Waals layered 5d transition metal compound Osg.55Clz were grown and char-
acterized by x-ray diffraction, magnetization and heat capacity measurements, and atomic resolution electron
microscopy. The crystals are stable in air and easily cleaved. The structure is derived from the CdCl, structure
type, with triangular layers of transition metal sites coordinated by edge sharing octahedra of CI and separated
by a van der Waals gap. On average only 55% of the metal sites are occupied by Os, and evidence for short and
long ranged vacancy order is observed by diffraction and real space imaging. Magnetization data indicate mag-
netocrystalline anisotropy due to spin-orbit coupling, antiferromagnetic correlations, and no sign of magnetic
order or spin freezing down to 0.4 K. Heat capacity measurements in applied magnetic fields show only a broad,
field-dependent anomaly. The magnetic susceptibility and heat capacity obey power laws at low temperature
and low field with exponents close to 0.5. The power law behaviors of the low-temperature heat capacity and
magnetic susceptibility suggest gapless magnetic fluctuations prevent spin freezing or ordering in Osg.55Cla.
Divergence of the magnetic Gruneisen parameter indicate nearness to a magnetic quantum critical point. Sim-
ilarities to behaviors of spin liquid materials are noted, and in total the results suggests Osg.55Cl2 may be an

example of a quantum spin liquid in the limit of strong chemical disorder.

I. INTRODUCTION

An interesting intersection between crystal chemistry in
low dimensional structures and physics of magnetism with
spin orbit coupling is realized in 4d and 5d transition metal
halides. Often such compounds form layered crystal struc-
tures with pseudo-2D magnetic sublattices', and interest-
ing effects of metal-metal bonding and clustering are also
known??. Much of the recent research in layered 3d transition
metal halides is driven by interest in magnetic monolayer ma-
terials based on Cr and more recently V trihalides*'°, while
recent study of heavier transition metal halides is focused on
the Kitaev spin liquid candidate RuCl;, in which spin-orbit
coupling plays a key role!!~!4. Since the spin orbit coupling
strength increases strongly with atomic number, this naturally
motivates study of related Os compounds®.

Although the study of osmium chlorides goes back many
decades, there is still significant uncertainty about the struc-
tures, compositions, and magnetic behaviors of these ma-
terials. High temperature and low temperature polymorphs
of OsCl, are reported in the literature!'®!'7. Single crystal
diffraction revealed an orthorhombic structure for the high
temperature phase with infinite chains of edge sharing OsClg
octahedra'®. A cubic unit cell has been proposed for the low
temperature phase!® , but no further structural details have
been published. Both polymorphs of OsCl, are paramagnetic
with effective moments of 1.0—2.0 up reported from mea-
surements between room temperature and 77 K'®1720 No
lower temperature magnetic studies were found in the liter-
ature. Magnetic data down to liquid nitrogen temperature is
reported for the trichloride, giving an effective moment of
1.2—1.6 up'’. Surprisingly there have been few subsequent
experimental studies of OsCl;, likely due to difficulty in ob-
taining suitable samples of this phase?!, although recent cal-
culations have predicted interesting magnetic and topologi-
cal phenomena in OsCl; monolayers'>. The formation of a
non-stoichiometric chloride OsCl; 5 has been reported and x-

ray diffraction suggested similarities to the monoclinic AlCl;
structure-type adopted by Ru, Ir, and Rh trichlorides®'. No
magnetic data are available for this compound.

In our exploration of heavy transition metal halides and ef-
forts to form OsCl; as an analog of the quantum spin liquid
compound a-RuCl;, we found that sizable and cleavable crys-
tals with the composition OsCl3 ¢ could be obtained repro-
ducibly. Here we report our technique developed for growing
these crystals, a detailed study of the crystallography of this
phase using powder and single crystal x-ray diffraction and
real space imaging using scanning transmission electron mi-
croscopy (STEM) with atomic resolution, and the characteri-
zation of the magnetic behavior down to 0.4 K with heat ca-
pacity and magnetization measurements. We find that the av-
erage structure is best described by the rhombohedral CdCl,-
type with Os vacancies so that the composition is best writ-
ten as Osg55Cly. Evidence of superlattices related to va-
cancy ordering are observed in x-ray diffraction and STEM.
A 4 x 4 x 1 superstructure model describes the sharp diffrac-
tion peaks well, while diffuse peaks suggest an additional 3 x 3
modulation in the plane. Our results suggest that the material
studied here, the low temperature cubic form of OsCl419, and
the previously reported OsCl3 52! are all instances of the same
chemical phase.

Our magnetization measurements reveal single ion
anisotropy from spin-orbit coupling, net antiferromagnetic
correlations, and a paramagnetic effective moment near
2.2 up. Charge balance suggests an mixture of Os3t, Os**,
and vacancies on the triangular net, and the fitted effective
moment indicates either enhancement of the expected mo-
ment for Os3* or the presence of a moment on the nominally
non-magentic Os**. No magnetic ordering transition is de-
tected in magnetization data, and the ac susceptibility shows
no spin freezing down to 0.4 K . The only feature observed
in the heat capacity is a broad and strongly field dependent
Schottky-like anomaly at low temperature. Both the magnetic
heat capacity and low field magnetic susceptibility follow
power laws at low temperature, indicating gapless fluctua-



tions and perhaps nearness to a quantum critical point. The
observed behaviors associated with the strongly disordered
triangular lattice of spin-orbit coupled moments in Osg 55Cla
bear striking similarities to candidate quantum spin liquid
materials.

II. METHODS

The osmium chloride starting material was synthesized by
reacting OsO, powder with the AICl;-KCl eutectic mixture at
400°C in a sealed silica tube similar to Ref. 22. The prod-
uct of this reaction was thoroughly washed with water (see
Supplemental Material®*) and dried. About 1g of the dried
powder was loaded into a quartz tube of 16 mm inner diam-
eter, 1.5mm wall thickness, and about 10cm length. After
sealing under vacuum, the growth ampoule was put inside of
a box furnace, heated to 800°C in 5 hours and held at this
temperature for 8 hours before cooling to 400°C over 6 days.

Powder x-ray diffraction (PXRD) was performed using
a PANalytical X Pert Pro diffractometer with Cu-K,; ra-
diation. Single crystal diffraction was performed using a
Bruker APEX diffractometer with Mo K« radiation on crys-
tals mounted in paratone oil in a nitrogen cold stream at 175 K.
Data were collected using SMART, integrated using SAINT-
Plus, and the structures were solved and refined using ShelX.
Quantitative elemental X-ray analysis was performed using a
JEOL JXA-8200X electron microprobe analyzer instrument
equipped with five crystal-focusing spectrometers for wave-
length dispersive X-ray spectroscopy (WDS). For this study a
15kV accelerating voltage was utilized, with an electron beam
current of 5nA and probe diameter set to 10 yum. Elemental
standards for Os and Cl were run using Os metal and NaCl
before the quantitative analysis was run to improve the k-ratio
accuracy and precision. Samples were prepared by exfoliat-
ing a fresh surface, carbon painting the samples directly to an
Al stub, and then evaporating a 2-5nm carbon layer on the
sample surface to minimize charging effects during analysis.
The composition was determined to be Os 55(2)Cla using the
average of 93 spots.

Several batches of Osg 55Cls, including powders, small
crystals and large crystals were chosen for the scanning trans-
mission electron microscopy (STEM) measurements. These
bulk samples were exfoliated by sonication in acetone. Drops
of the resulting suspensions were deposited on lacey car-
bon grids and then dried in air. High-angle annular dark-
field-STEM (HAADF-STEM) imaging was performed on an
aberration-corrected Nion UltraSTEM-100 microscope oper-
ated at 60 kV with low current. The convergence semi-angle
of the incident probe was 30 mrad, and the HAADF im-
ages were collected with semi-angle of 86—200 mrad. Each
HAADF image was collected by stacking 20 fast scanned im-
ages. Some HAADF images have been low-pass filtered in
order to reduce random noise. The thickness for the HAADF
imaging region was measured to be 6 nm from the correspond-
ing zero-loss electron energy loss spectrum using the log-ratio
method with the inelastic mean free path calculation as de-
scribed in Refs.?*?,
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FIG. 1. (a) The CdCl2-type average structure (subcell) of Osg.55Cla.
(b) A typical small crystal used for single crystal x-ray diffraction
(upper left), and a two cleaved larger crystals used for other measure-
ments. (c) X-ray diffraction data from a cleaved surface. (d) Rietveld
fit of powder x-ray diffraction data from crystals ground with silicon
powder. The upper, middle, and lower tick marks locate reflections
from CdCla-type Oso.55Cl2 with the lattice parameters listed on the
figure, silicon, and osmium from surface contamination, respectively.

For magnetization measurements crystals were mounted in
plastic drinking straws with the field in the plane and out of
the plane of the plate-like crystals. Data was collected using
a Quantum Design MPMSXL for temperatures between 300
and 2 K, and a Quantum Design MPMS3 with iQuantum He3
insert for temperatures between 1.8 and 0.4 K. Heat capacity
measurements were carried out between 10 and 0.37 K using
the He3 option in a Quantum Design PPMS.

III. RESULTS AND DISCUSSION

The crystal growth described above produced Osg 55Cly
crystals of a wide range of sizes as illustrated in Figure 1b.
Smaller crystals tended to have a more regular faceted shape
consistent with the underlying hexagonal symmetry, while the
larger crystals formed as longer ribbon-like plates. All of the
crystals were easily cleaved. Diffraction from cleaved sur-
faces showed sharp reflections associated with the layer stack-
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FIG. 2. Precession images constructed from single crystal x-ray diffraction data are shown in (a-d). All indices refer to the CdCl>-type subcell
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(Fig. 1). (a) The Okl plane showing no unindexed reflections between the [ =integer planes. (b) The hkO plane showing = 3 superlattice

reflections marked with triangles and % % superlattice reflections marked with squares. (c) the %kl plane showing sharp superlattice reflections.

(d) The %kl plane showing the diffuse nature of the % % superlattice reflections along the layer stacking direction. (e) Superlattice model for

Os-vacancy ordering in Osg.55Clz from single crystal x-ray diffraction. (f) A single Os layer from the superstructure, with the size of the

spheres representing the occupation of the four different Os sites in the model.

ing (Figure 1c), but aggressively grinding the large ribbon-like
crystals for PXRD produced severe strain and poor diffrac-
tion patterns. To obtain a useful pattern, the crystals were
gently ground together with a fine powder of silicon. A Re-
itveld fit for the resulting pattern is shown in Figure 1d, us-
ing the CdCl,-type structure shown in Figure 1a. This struc-
ture has a triangular layer of Os bonded to CI anions with
the resulting slabs separated from one another by a van der
Waals gap. Refinement of the Os occupancy give a compo-
sition of Osg 53Cls, similar to the composition of Osg 55Cla
determined by WDS analysis.

High quality single crystal diffraction data could not be ob-
tained from pieces taken from the large crystals due to dam-
age and exfoliation that occurred during cutting; however, a
unit cell and symmetry consistent with that determined from
powder diffraction was apparent from the data. For structural
refinements, single crystal diffraction data was collected on
smaller crystals (one of which is shown in Figure 1b). Analy-
sis of the strong diffraction peaks revealed a structure like that
shown in Figure la and summarized in Table 2 with atomic
positions listed in the Supplemental Material>>. The refine-
ment gives an occupancy of 0.55 for the Os site, consistent
with the WDS and PXRD results. Based on weaker super-
lattice reflections, it was determined that the CdCl, structure
shown in Figure 1 represented only a subcell approximation,
and that the true unit cell was larger due to vacancy ordering
as discussed below.

Figure 2 shows precession images from single crystal x-ray

TABLE 1. Results of single crystal diffraction refinements for
0s0.55Cl2 using data collected at 175 K including lattice parameters,
Os site occupancies, resulting composition, and agreement indices.
Both structure have space group R3m.

subcell supercell
a(A) 3.4851(9) 13.964(8)
c(A) 17.114(6) 17.147(10)
Occ. - Osl 0.551(8) 0.62(2)
Occ. - Os2 - 0.61(1)
Occ. - Os3 - 0.45(1)
Occ. - Os4 - 0.29(1)
composition 0s0.55Cl2 0s0.53Cl2
Ri1>20 0.0269 0.0437
wR2 1> 20 0.0715 0.1707
R, all data 0.0269 0.0731
wR> all data 0.0715 0.2268

diffraction data. The diffraction spots are labeled using the
subcell structure described above and shown in Figure 1a. The
subcell indexes the spots in the Okl plane well (Figure 2a), but
additional reflections are seen in the hkO plane (Figure 2b).
In the figures, circles are used to identify spots belonging to
the subcell, and the superlattice reflections are marked with
squares and triangles. Sharp spots marked with squares indi-
cate a 4 x4 supercell in the plane. An additional set of spots,
which are weaker and more diffuse, are marked with triangles
and reveal an additional 33 modulation in the plane. Pre-



cession images of planes capturing diffraction from the super-
lattices only are shown in Figures 2¢ and 2d. All reflections
from the 4 x4 supercell are well defined and sharp, while those
from the 3x3 modulation are diffuse along [ indicating that
the ordering producing this diffraction is not coherent along
the stacking direction. Interestingly, both of the superlattices
evident from the diffraction from Osg 55Clsare distinct from
the v/2 x /2 vacancy ordering found in the closely related
molybdenum compound MoCl, (Mog 5Cl2)*®.

When the sharp superlattice reflections were included in
the data analysis, a 4x4x1 cell indexed the diffraction well
and analysis of the intensities indicated a rhombohedral unit
cell. The structure was refined in space group R3m, the same
space group as the subcell. The structure contains four unique
Os positions within the layers and the superlattice arises from
partial ordering of vacancies on these sites. The results of the
structure refinement are summarized in Table I with atomic
positions listed in the Supplemental Material>}. The structure
is shown in Figure 2. In this superlattice model, the Os site
occupancies vary from 0.29 to 0.62 and give an average occu-
pation of 0.531(6) for the Os sublattice, similar to the refine-
ment in the sublattice model [0.550(3)], powder diffraction
[0.59(5)], and WDS analysis [0.55(2)]. Single crystal diffrac-
tion results from a second crystal reported in the Supplemen-
tal Material®} give an average Os occupancy of 0.550(3) and
0.552(6) using the subcell and supercell models, respectively.
These results indicate the material is best described by the for-
mula OS()'55C12.

With a structural model and composition established, this
compound can be compared with previous reports of osmium
chlorides. In Ref. 16 for the low-temperature form of OsCl,,
11 measured diffraction angles were indexed to a cubic cell
with a=9.95A. Interestingly, the same lines can be indexed
by a hexagonal cell with a=3.51A and ¢=17.2 A, similar to
the subcell in Table I. In fact, the primitive rhombohedral
cell corresponding to the hexagonal supercell in Table I has
a=9.88 A and o =89.9°, metrically close to cubic and similar
to the cell reported for low-temperature OsCl,'°.

The compound studied here is quite similar in composition
to the material denoted OsCls 5 (Osg.57Cls) in Ref. 21. All
but the weakest of the diffraction lines reported there are in-
dexed by the subcell structure in Table I. This suggests that
these may be the same compound. However, the existence of
a compound with similar composition and a monoclinic struc-
ture related to the AlCl;-type cannot be ruled out.

Finally, a comparison with the high-temperature or-
thorhombic form of OsCl, can be made. For orthorhom-
bic OsCl,, the authors reported clear orthorhombic symme-
try from the diffraction pattern and crystals that break into
fine fibers when handled'®, neither of which were seen in
the present study. In addition, in the course of this work, it
was noted that orthorhombic OsCl, could be converted into
0s.55Cl> upon prolonged exposure to water?>. Thus, it can
be concluded that Osg 55Cly and orthorhombic OsCl, are in-
deed distinct phases; however, a close connection between the
structures of these two phases can be drawn. Both structures
are derived from the CdCl, structure-type. In Osg 55Cly the
Os vacancies are distributed in a way that appears to conserve

FIG. 3. HAADF-STEM for Osg.55Cl2 along [001] showing ordered
Os vacancies. (a) A typical HAADF-STEM image and inset showing
the Fast-Fourier Transform pattern with reflections indexed using the
subcell structure. Low-pass filtered images of regions 1 and 2 in (a)
are displayed in (b) and (c), respectively. The dashed line outlines the
subcell, and the solid lines mark the vacancy ordering superstructure,
with 3a and 4a periods apparent in regions 1 and 2, respectively.

the underlying three-fold symmetry of the structure. If in-
stead, the vacancies are concentrated in chains along the [110]
direction the structure could be broken up into 1-D chains
of edge sharing OsCl, octahedra (for composition Osg 5Cls),
which is the structural motif of high-temperature, orthorhom-
bic OsCl, 8.

As noted above, full single crystal diffraction analysis of the
large crystals was precluded by the damage induced by cutting
the layered crystals to the size needed for the measurements.
As aresults, it was difficult to definitively confirm whether the
superstructure described above was present in the larger crys-
tals. Diffuse reflections with 1/3-integer indices (relative to
the subcell) were observed in the data, but spots expected from
the 4 x4 superlattice were not clearly seen. It is not clear if this
indicates a difference between the details of the vacancy order
in the large and small crystals or if it is related to damage and
overall poor diffraction quality. Similarly, powder diffraction
data from ground large crystals show only reflections indexed
by the fully disordered subcell, suggesting that vacancy order-
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FIG. 4. Magnetic behavior of Osg.55Cls crystals. Magnetization data are shown for measurements along the layer stacking direction (H ||c) and
in the plane of the layers (H L¢) in (a-d). (a) Temperature dependence of the magnetic susceptibility (M/H) measured in a 10 kOe field. (b,c)
Low temperature data measured at fields between 100 Oe and 60 kOe for the two orientations. (d) Isothermal magnetization curves measured
at 0.4 and 300 K. (e) ac susceptibility showing the real (x’) and imaginary (x”) component, and a power law fit showing a T~ °-3® dependence.
(f,g) Log-log plots of low field susceptibility for two different crystals in both orientations, linear fits are shown and the extracted exponents

are listed on the plots.

ing is not present in the large crystals or that strain induced in
the grinding process obscures the superstructure. To help re-
solve this and investigate the local structure further, real space
imaging with STEM was performed.

Results of the investigation of the local structure of a large
Os(.55Cly crystal are summarized in Figure 3. In the sub-
cell structure viewed along the layer stacking direction, each
atomic column identically involves Os and Cl atoms, there-
fore these atomic columns in HAADF-STEM images should
show the same contrast. However, as a typical HAADF image
displayed in Figure 3a, the intensities of these atomic columns

reveal obvious variations. Since the HAADF image intensity
is roughly proportional to Z? (Z is atomic number) and Os (Z
= 73) is much heavier than Cl (Z = 17), this intensity fluctua-
tion should be caused by Os vacancies, consistent with X-ray
diffraction analysis. The superstructure reflections in its FFT
pattern (the inset of Figure 3a) indicate local ordering of the
Os vacancies. This pattern shows sharp spots form the subcell
an diffuse spots from a 3ax3a supercell. This supercell is fur-
ther confirmed by the real space HAADF images, as shown in
Figure 3b and 3c magnified from the regions marked in Fig-
ure 3a. The appearance of the 3ax3a superlattice in certain



regions of the HAADF image indicates some amount of co-
herence along the stacking direction does exist in those areas.
However, this does not persist over large areas of the image,
consistent with the overall poor coherence along the c-axis in-
dicated by x-ray diffraction (Figure 2d). In part of region 2
a superstructure with period 4a is also observed, confirming
that at least locally superstructures similar to those identified
by x-ray diffraction are also seem by STEM from the large
0s¢.55Cla crystals. Similar local structure features were also
observed in smaller crystals and powder grains. This along
with the single crystal diffraction data confirms that vacancy
ordering on the Os sublattice occurs at some length scale in
all of the Osg 55Cly crystals.

0Os0.55Cly is electrically insulating. Gold contacts were
sputtered onto the ends of a small crystal for resistance mea-
surements. At room temperature, the resistance exceeded
S0 M.

Data from magnetization measurements on single crystals
of Osg.55Cly are summarized in Figure 4. The magnetic sus-
ceptibility (M/H) is anisotropic, as seen clearly in the tempera-
ture dependence between 2 and 300K (Figure 4a). At 10kOe,
the anisotropy (M/H) 1 ./(M/H)| increases from 1.2 at room
temperature to a maximum of 2.7 at about 10 K. Nearly linear
regions in the inverse susceptibility shown in the inset suggest
Curie Weiss-like behavior at the higher temperatures.

Charge balance would indicate 60% Os** and 40% Os>*
in Osg55Cla. The simplest spin-only picture with octahe-
dral crystal field splitting gives S = 1/2 for Os** and
S = 1 for Os**, corresponding to a Curie constant (C) of
0.75cm3Kmol-Os~t. A single ion energy level scheme in-
corporating spin-orbit coupling?”?® predicts ground states of
Jerr = 1/2 for Os* (5d°) and a J = 0 for Os*T (5d%),
corresponding to C' = 0.15cm*K mol-Os~*. The data above
75 K were fit with a Curie-Weiss law plus a temperature inde-
pendent contribution (). The fits are shown in the inset of
Figure 4a. For H | c the fit gives xo = 2.36(4) x 10~*cm3
mol-Os™!, C' = 0.268(1) cm® Kmol-Os ™!, and a Weiss tem-
perature (¢) of 0.3(3) K. For H ||c the fit gives xo = 3.25(3) X
10~*cm?® mol-Os™!, ¢ = 0.211(1) cm® Kmol-Os~!, and
0 = —53.8(5) K.

The fitted values of ¢ are similar in the two orientations,
and are expected to include contributions from core diamag-
netism of Os and CI and van Vleck paramagnetism associ-
ated with Os** ions. The core diamagnetism is estimated
to be -1.15x10"*cm®mol-Os 1%, This leaves a van Vleck
(vv) contribution of about 3.5-4.4x10~%cm?mol-Os™*, or
Xoo = 5.8 — 7.3 x 10~* cm3[mol-Os**]~1 | since only the
Os** ions are expected to contribute. This is similar to the
values determined for isoelectronic (5d*) Ir’* in Ba,YIrOg4
and related pentavalent iridates®.

The Curie constants determined from the fits are, as ex-
pected, significantly suppressed from that calculated with
spin only values, but are still a bit larger than the value of
0.15 cm3K mol-Os ! predicted for the spin-orbit coupled sce-
nario described above. If the Curie-Weiss magnetism arises
solely from the 40% of the Os ion that are formally trivalent,
then the average fitted value of 0.24 cm® K mol-Os~! corre-
sponds to an effective moment of 2.2 ;.5 per Os3T. As noted,

this is somewhat larger than the value of 1.73 up expected for
Jegr = 1/2 (assuming g = 2). However, similar effective
moment values of 2.1—2.7 up have been reported for triva-
lent Ru (4d°) in RuCl,'>*173%, An effective moment of 2.0 15
was reported for tetravalent Rh (4d°) in Li,RhO;*. Smaller
values, closer to the expected 1.73 up, seem more common
for tetravalent Ir (5d°): 1.8 up in Na21r0336, 1.6 up in B-
Li,IrO;*", and 1.7 and 1.4 yp in La,MgIrO4 and La,ZnIrOy,
respectively’®.  While the observed effective moment in
Os.55Cly is consistent with trivalent Os with a slightly en-
hanced moment and tetravalent Os with J.yy = 0, it is im-
portant to note that a scenario in which all the Os ions have
some magnetic moment cannot be ruled out. Although the
strong-spin-orbit scheme predicts the 5d* state of Os** to be
non-magnetic, there are theories in which magnetism is ex-
pected for this electronic configuration®>4°.

In the presence of single ion anisotropy, the relationship
between the magnetic exchange interactions and Weiss tem-
peratures is not straightforward. Anisotropy produces an ad-
ditional contribution to the effective Weiss temperatures. This
is described in Ref. 41, where it is shown that even in the
absence of exchange interactions, anisotropy produces a non-
zero effective Weiss temperature. In the case of zero exchange
interactions, the powder average of the Weiss temperatures
(%9” + %93 is zero*!'. In Osg 55Cl, this relationship is clearly
violated, with a strongly negative ) and nearly zero ¢, , indi-
cating net antiferromagnetic exchange. The powder average
of the Weiss temperatures determined from the anisotropic
measurements is -18 K. Powder averaging the temperature de-
pendent susceptibility data and then fitting over the same tem-
perature range gives a Weiss temperature of -6.5 K. A density
functional theory study of monolayer OsCl; with an ordered
honeycomb arrangement of Os atom predicted ferromagnetic
intralayer interactions'>, but this arrangement of Os atoms dif-
fers strongly from the structure of Osg 55Cls determined here.

The low temperature magnetic behavior Osg 55Cls is shown
in Figure 4b-g. The dc magnetic susceptibility for the two ori-
entations with applied fields ranging from 100 Oe to 60 kOe is
shown in panels b and c. The susceptibility increases mono-
tonically upon cooling down to the lowest measurement tem-
perature of 0.4 K. The small discontinuity near 1.8 K for H||c
is due to a mismatch between datasets collected in the “He
and 3He systems, probably related to a slight misalignment
in mounting the crystal for the measurements. The data be-
low 1.8 K were measured on warming after cooling from 5K
in zero field, and again after cooling in the applied field. No
difference between zero-field-cooled and field-cooled data is
observed. This is shown more clearly in the Supplemental
Material®.

Isothermal magnetization curves measured at the base tem-
perature and 300 K are shown in panel d. The absence of satu-
ration at 0.4 K indicates significant antiferromagnetic interac-
tions preventing alignment of the moments. Assuming 40% of
the Os atoms have J.;y = 1/2 a saturation moment of 0.4 ui g
would be expected. In the absence of antiferromagnetic in-
teractions, saturation of moments with g = 2 and J = 1/2
would be expected with an applied field of only about 20 kOe.
In addition, the remaining Os would generate a van Vleck (lin-
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FIG. 5. Low temperature heat capacity (cp) of Osg.55Cl2. (a) Measured heat capacity in magnetic fields applied out of the plane of the crystals
(H |¢). The line shows an estimated phonon background determined as described in the text. (b,c) Estimated magnetic contribution ¢mqg and
Cmag/T. (d) Magnetic entropy estimated by integrating cmag /7. (€) Log-log plot and power law fits for ¢mag, with the field dependence of

the fitted exponents shown in the inset.

ear) contribution to M vs H. The measured data reaches only
0.20 and 0.11 up per Os for H in the plane and out of the
plane, respectively.

Figure 4e shows the ac susceptibility measured in zero dc
field between 0.4 and 1.8 K, with a 2.5 Oe ac field applied in
the plane (_Lc). The real part (') mimics the low-field dc sus-
ceptibility, while the imaginary part (x”') is generally feature-
less, showing only a small upturn at the lowest temperature at
the highest frequency (487 Hz). No evidence of a glass-like
transition is seen in this temperature range. Thus, the temper-
ature and field dependence of the dc and ac magnetic suscepti-
bility indicates the presence of antiferromagnetic interactions
and the absence of long range magnetic order or spin freezing

down to 0.4 K. Thus, a lower bound of 16 can be placed on
the frustration index |6/ Tn| of Osg 55Cls.

The susceptibility in low magnetic fields is observed to
obey a power law temperature dependence. This is demon-
strated by the solid line fit to the X’ data in Figure 4e and the
log-log plots of the low field dc susceptibility in panels f and
g. The panels show data measured on two different crystals
with H||c and H_Lc, with power law fits and fitted exponents
labeled. For x(T') ~ T~ the fits give o ~ 0.4 for H.L¢ and
a = 0.5 for Hl|c. Interestingly, a power law with exponent
close to 0.5 is also seen in the low-field heat capacity data
described below.

Results of heat capacity measurements are shown in Figure



5. The data show no sharp anomalies that would indicate long
range magnetic order. Only a broad and field dependent max-
imum is observed in the temperature range of 2—5 K. This
anomaly is assumed to be of magnetic origin. Similar behav-
ior was seen for H | ¢ shown in the Supplemental Material??,
but with smaller magnitude anomalies likely related to the
smaller magnetic susceptibility for H | ¢ compared to H||c
(Figure 4). Since no suitable non-magnetic reference mate-
rial is available for determining a phonon background for this
compound, data collected in zero field above 6 K were fit to a
polynomial of the form 87 + 67 and used as a background.
The magnetic heat capacity of Osg 55Cl; is estimated by sub-
tracting this curve from the measured data (Figure 5b).

The broad feature in the estimated magnetic heat capacity
resembles a Schottky anomaly. However, its behavior devi-
ates from the usual two level Schottky scenario in which the
maximum value of the heat capacity is constant and the tem-
perature at which the maximum occurs increases linearly with
field*>. In Osg 55Cls the position of the maximum is nearly
independent of field up to 20kOe, two separate maxima are
seen at 40kOe, and a single maximum that increase in tem-
perature with increasing field is seen at higher fields. The
peak value of the anomaly is also about an order of magnitude
smaller than the expectation for a two-level Schottky anomaly
(3.65JK~'mol~!). As will be shown below, the temperature
dependence below the peak temperature follows a power law
rather than the exponential behavior expected for a Schottky
(gapped) system.

The magnetic entropy was estimated by integrating ¢,,qq /7
and the results are shown in Figure 5d. To estimate the
entropy power laws (see below) were used to interpolate
between the data and the origin, since in the lower mag-
netic fields cpqq/7 is still relatively large at the lowest
measurement temperatures (Figure 5¢). The entropy deter-
mined at all fields with no interpolation is shown in the
Supplemental Material, where the underestimation of the en-
tropy in lower fields is apparent>>. The maximum estimated
magnetic entropy is 0.54 JK~'mol-Os~*, about an order of
magnitude smaller than RIn(2). Broad heat capacity fea-
tures are often reported at low temperature in quantum spin
liquid candidates and frustrated magnetic systems, for ex-
ample ZnCu,;(OH),Cl,*, YbMgGaO,**, Sc,Ga,Cu0,*,
Ce,Zr,0,*7, Ba;CuSb,0,* and the behavior is sometimes
considered intrinsic and sometimes attributed to crystallo-
graphic defects. In Osg 55Cly it may be that a low concen-
tration of local structural arrangements associated with the
distribution of trivalent, tetravalent, and vacant Os sites pro-
duce Schottky anomalies with more complicated energy level
schemes and degeneracies that are responsible for the ob-
served behavior, although the power law temperature depen-
dence below the peak noted below may argue against this.
Comparing the data in Figure 5a-c with the literature re-
veals behavior particularly similar to the quantum spin liquids
ZnCu,(OH)CL,**° and YbMgGaO,*®.

At the lowest temperatures, the heat capacity obeys a power
law. This is shown in the log-log plots of ¢;;,44 vs T in Fig-
ure Se. Linear fitting of the magnetic heat capacity was used
to determine the exponent for a temperature dependence of

the form 7. The fitted exponents are plotted as a function
of applied field in the inset. In zero field v = 0.52 is de-
termined. This is similar to the exponent determined for the
magnetization with H applied along the c axis (Figure 4f). The
heat capacity exponent increase with field and reaches 2.6 at
100kOe. It appears that v will approach a saturation value
near 3.0, which is the exponent expected for antiferromagnetic
magnons*?. A similar field dependence has been reported for
the magnetic heat capacity exponent in YbMgGaO,*, where
v increased from 0.7 in zero field to 2.7 at 90kOe. Smaller
exponents, between 0.3 in zero field and 1.9 at 140kOe, were
reported for Sc,Ga,Cu0,.

The power law behavior of the low-temperature heat ca-
pacity and magnetic susceptibility suggests gapless magnetic
fluctuations prevent spin freezing or ordering in Osg 55Cla,
and may indicate nearness to a magnetic quantum criti-
cal point. The magnetic Gruneisen parameter I'y,,, =
—(dM/dT)/c compares the temperature derivative of the
magnetization M to the heat capacity ¢, and is expected to
diverge at such a critical point®*>2. The observed exponents
of a = 0.5 for the magnetization and v = 0.5 for the heat
capacity at low temperature and zero field do indeed produce
a divergence in I';,,44 as T' — 0, with an exponent close to
2. This divergence is suppressed when a field is applied, indi-
cating that Os( 55Cls is near a quantum critical point in zero
field, and the associated quantum fluctuations may be respon-
sible for the spin liquid like behavior.

Neutron scattering studies of magnetic excitations and lo-
cal probes of magnetism like muon spin rotation, especially
if extended to even lower temperatures than the present study,
would be desirable to further develop a more detailed under-
standing of the magnetic behavior in this material.

IV. SUMMARY AND CONCLUSIONS

The average structure of Osg 55Cls is of the layered CdCl,
type with Os and vacancies distributed over the cation sites.
Atomic resolution STEM finds vacancy ordering on various
length scales in all of the samples imaged. X-ray diffraction
from small single crystals reveals partial long range vacancy
order in 3 dimensions with a 4 x 4 superlattice within the lay-
ers, as well as diffuse reflections associated with 3 x 3 ordering
that is incoherent along the stacking direction. Thus, the trian-
gular cation lattice in Osg 55Cly contains significant disorder,
with Os3t, Os*™T, and vacancies partially ordered on short and
long length scales and in 2 and 3 dimensions.

The magnetic susceptibility is anisotropic due to single ion
anisotropy arising from spin-orbit coupling in the 5d metal
Os. Data above about 75K follow a Curie-Weiss law with
a temperature independent contribution consistent with van
Vleck paramagnetism of Os** (5d*). The Curie constant or
effective moment is larger than expected for 40% Os>* with
Jerr = 1/2 and 60% Os** with J.;s = 0, indicating either
enhanced moment on the trivalent osmium or a non-zero mo-
ment associated with the 5d* ions. The fitted Weiss temper-
atures indicate net antiferromagnetic interactions. The cleav-
able nature of this layered material suggests Osg 55Cly may



provide a way to incorporate spin-orbit coupled magnetism
into van der Waals heterostructures.

The geometrical frustration of the triangular lattice as well
as the mixture of different electronic configurations and va-
cancies is expected to suppress long range antiferromagnetic
order and would typically lead to a glassy magnetic state. In-
deed magnetic order above 0.4 K is not seen in magnetization
and heat capacity data. More interestingly, evidence of spin
freezing is not seen this data nor in ac susceptibility data,
indicating Osg 55Clz is not a spin glass above 0.4 K. Non-
saturating isothermal magnetization curves at 0.4 K reveal an-
tiferromagnetic correlations are still present at this tempera-
ture.

Only a relatively small and very broad anomaly is observed
in the heat capacity of Osg 55Cl2 down to 0.4 K. The feature is
broader than expected for a two-level Schottky anomaly, and
displays a more complicated field dependence. While the ori-
gin of this anomaly is not clear, it is expected to be magnetic,
and the temperature and field dependence of the heat capac-
ity in Osg 55Cly are similar to behaviors observed in materials
considered to be spin liquids or candidate spin liquids. At
the lowest temperatures, below the peak in the anomaly, the
magnetic heat capacity obeys a power law temperature depen-
dence (¢(T') ~ T7) with an exponent near 0.5 in zero field and
approaching v = 3 expected for antiferromagnetic magnons
at high fields.

The low field dc magnetic susceptibility and the ac suscepti-
bility also obey power laws (x(7T") ~ T~ ) at low temperature

with exponents of 0.4 to 0.5. The power law behavior with ex-
ponent intermediate between noninteracting spins and isolated
singlets suggests the magnetic order is suppressed by gapless
fluctuations. The divergence of the magnetic Gruneisen pa-
rameter in zero magnetic field, indicates that Osg_55Cls is near
a quantum critical point, which may be the source of gap-
less magnetic fluctuations. While further studies are needed
to fully understand the magnetic ground state of this material,
the present results show strong indication of quantum mag-
netism in Osg 55Cly, providing a system in which quantum
criticality and spin liquid behavior may be studied in the pres-
ence of strong spin-orbit coupling and chemical disorder.
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