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Magnetic transition in K,CuyOCl;y: A model system of three-dimensional spin-% tetrahedra
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Isolated spin tetrahedral systems with weak intertetrahedral couplings, as have been reported for Cu, Te,O5 X,
(X = Cl, Br) and the related compound Cu,TesO,Cly, have received much attention recently because they
represent an interesting class of magnets that consist of weakly coupled magnetic clusters and, in particular, they
can directly demonstrate the interplay of intertetrahedral couplings with built-in tetrahedral frustration. However,
there is much debate about the structural low dimensionality of the Cu-Te-O-CI(Br) compounds and its effect
on the magnetism of the material. Here, we present a model spin tetrahedral system K,Cu,OCl;,, with almost
isotropic magnetic coupling within the tetrahedron and three-dimensional connection of the tetrahedra. The system
enters a spin-singlet state with a susceptibility maximum at 7;,,,x = 11 K, and then enters an antiferromagnetic
order at Ty = 4.4 K. The ratio Tn/Tmax = 0.40 is close to the Tn/Tmax = 0.38 for Cu,Te,OsBr,, which is
viewed as an indicator of closeness to quantum criticality. Evidence in muon-spin rotation or relaxation suggests
an incommensurate ordering. This work shows that the previously revealed ground state in anisotropically

structured Cu,Te,Os X, compounds also exists in an isotropic spin tetrahedral system.
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The magnetic phases of geometrically frustrated mag-
nets have been rigorously researched both theoretically
and experimentally over the last two decades. Geometric
frustration, which results from an intrinsic incompatibility
between fundamental magnetic interactions and the underlying
lattice geometry (triangular, tetrahedral, or kagome lattices),
gives rise to intriguing fundamental phenomena such as the
formation of exotic states like spin ices, spin liquids, and
magnetic monopoles.l’3 Among them, the § = % quantum
spin systems, and in particular those consisting of Cu?>* spins,
have received intense attention since Anderson suggested
that a spin-% Heisenberg antiferromagnet on the triangular
lattice would have a gapless spin-liquid ground state, called
a resonating-valence-bond state* and which is thought to be
relevant to high-temperature superconductivity.’

While many of the kagome and pyrochlore antiferromag-
nets, which are much more complicated to model theoretically
than the triangular lattice, are still not well understood, the
isolated spin tetrahedral system with weak intertetrahedral
coupling has received intense attention recently because it
can directly demonstrate the interplay of intertetrahedral
coupling with the built-in tetrahedral frustration. Of wider
interest, they also represent an interesting class of magnets
consisting of weakly coupled magnetic clusters. To date,
the Cu,Te;OsX, (X = Cl, Br) family and the related
compound CuyTes01,Cly have been considered the only real
systems of such tetrahedra, but they have remarkable structural
anisotropies both inside and outside of the tetrahedra, thus
leading to much controversy about their anisotropic magnetic
coupling and dimensionality.®*> Among them, a spin-singlet
state directly resulting from the intratetrahedral couplings
forms at T ~ 20-30 K. At lower temperatures, they exhibit
unconventional magnetic instability and incommensurate or-
der below Ty = 18.2 K in Cu,Te;O5Cl, and Ty = 114 K
in Cu,Te,O5Br,.”'*!” From the spin-topology point of view,
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the arrangement of Cu’* satisfies all the prerequisites for
quantum criticality. The unconventional magnetic instability
and incommensurate ordering were interpreted to indicate that
their quantum state is close to quantum criticality as a result of
the competing intra- and intertetrahedral couplings. However,
there are several open questions that raise a lot of discussion.
The most important question is the magnetic dimensionality of
the system due to the notable structural anisotropies inside and
between the tetrahedra. As shown in Fig. 1(a) for Cu,Te;Os X»,
there are obvious anisotropies in their crystal structure: the
intratetrahedral Cu>*—Cu”* bonds have quite different bond
lengths with different bonding anions, and magnetic coupling
inside the tetrahedron was considered nearly isotropic due to
stronger coupling along the longer bonds.® Nevertheless, the
tetrahedra align along the c-axis direction with a notable one-
dimensional chain feature. Therefore, it is of high interest to
find whether a true three-dimensional system of coupled-spin
tetrahedra also shows a similar magnetism. Here, we present
such a model material: K4Cuy4OCl;, and report the magnetism
of three-dimensional coupled-spin tetrahedra.

K4CusOCl;, was labeled as the mineral Ponomarevite
by de Boer et al, in 1972.° We tried to synthesize it
and finally succeeded in preparing pure-phase polycrystalline
K4Cus0Cly by using a low-temperature molten-salt reaction
process. High-purity KCl, CuO, and CuCl, powders were
mixed with the molar ratio of 4 : 1 : 3 and vacuum sealed
into a quartz tube. The mixture was heated at 400 °C
for two days and then slowly cooled. The crystal structure
of the obtained polycrystalline sample was examined and
determined by x-ray diffraction. The unit-cell parameters were
refined using the Rietveld method with program REITAN-
FP.>” Magnetic susceptibility measurements were performed
using a commercial superconducting quantum interference
device magnetometer (MPMS; Quantum Design). The heat
capacity was measured using an adiabatic heat-pulse method
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FIG. 1. (Color online) Crystal structures of spin tetrahedral
systems of (a) Cu, Te,O5Cl, and (b) K4CuyOClyy. Ions are represented
by colored balls, with red for Cu?*, blue for O~2, green for halogen
ions, and gray and purple for Te** and K*, respectively. In panel (c)
the local environment for the Cu** spins is illustrated more clearly.

with a *He cryostat using approximately one gram of the
polycrystalline sample mixed with gold powder. A muon-spin
rotation and relaxation (uSR) experiment was carried out
using a spin-polarized single-pulsed surface-muon (™) beam
at the RIKEN-RAL Muon Facility at Rutherford Appleton
Laboratory in the United Kingdom. A 3He cryostat was
used for temperature control. Furthermore, in order to check
possible missing signals, the SR spectra was verified using
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the dc continuous muon beam facility at the M15 port of the
meson facility of TRIUMF in Canada.

The synthesized K4CusOCljy is single phase with a
monoclinic crystal structure in space group C 2/c. It has lattice
parameters of a = 14.74 A, b = 14.90 A, ¢ = 8.948 A, and
B = 104.79°. The results are in good consistency with those
reported for Ponomarevite (¢ = 14.70 A, b=1488 A, c =
8.95 A, and B = 104.74°).2° As illustrated in Fig. 1(b), mag-
netic ions of Cu?* form isolated spin tetrahedra. Compared to
the large distortion of 11% to 12% in the Cu,;Te,;Os5 X, system,
the distortion of the tetrahedron is only 1.3% with the longest
Cu’>*—Cu?* distance being 3.15 A and the shortest being
3.11 A inside the tetrahedron. As illustrated in Fig. 1(c), the
four Cu®* spins on the corners of one tetrahedron are bonded
to each other through the O at the center of the tetrahedron
and Cl outside the tetrahedron. Therefore, superexchange
interactions through them are considered to contribute to
intratetrahedron magnetic coupling. Each Cu?* is surrounded
by four nearest Cl ions (at a distance of around 2.3 A) and
one O (at a distance of 1.91 A). The average intertetrahedral
distance is 6.472 A, which is much longer than the 4.163—
4.385 A in the Cu,Te, 05X system. While the tetrahedra in
Cu,;Te,Os X, are directly connected by the O and halogen
ions, those in K4CuyOClo are connected through indirect
Cl-K-Cl bonding, as shown in Fig. 1(c). Therefore, the
above features would definitely lead to a weak intertetrahedral
magnetic coupling. Another prominent and important feature
of the present structure is the three-dimensional connection of
the tetrahedra, which is strikingly different from the notable
one-dimensional-chain feature in the Cu,;Te,Os5X, system.
Therefore, K4CusOCl;y can be viewed as a model weakly
coupled spin-% tetrahedral system.

The temperature dependence of the magnetic susceptibility,
X = M/H, is a maximum around T,m.x = 11 K and has
a small kink at 7y = 4.4 K, as shown in Fig. 2 and the
inset. The broad anomaly at 7, resembles that of the
Cu;Te;05X, and CuyTesO;,Cly compounds,7’24 wherein it
was attributed to the presence of the singlet-triplet spin gap®’
and was consistently fit by using theoretical calculations for
noninteracting spin tetrahedra. However, as shown in Fig. 2,
the susceptibility of K4CusOCl;( could not be well fit by the
equation for noninteracting spin tetrahedra that was defined
in Ref. 6 or that was theoretically calculated for tetrahedron
clusters.'® This is considered to be caused by the influence
of the intertetrahedral coupling. Here, we temporarily use
a combined formula by adding a Curie-Weiss formula to
the noninteracting spin tetrahedral equation as defined in
Ref. 6, producing a seemingly intratetrahedral J;, = J, =
28 K, and Ocw = —29 K with effective moment peg =
1.48145/Cu”*, where 6w reflects intertetrahedral coupling.
The fitted parameters, and especially the supposed Curie-
Weiss temperature Ocw, varied with the temperature range
of the data used for fitting. For reference, we also show the
fit using the data for 7 > 50 K to a single function of the
Curie-Weiss formula in Fig. 2, which produced 0cw = — 31 K
and prer = 1.78up (for T > 100K, Ocw = — 27 K, and e =
1.72pp). Obviously, more precise theoretical modeling for
weakly interacting spin tetrahedra is needed. It is not clear why
the effect of intertetrahedral coupling on the susceptibility was
absent in the results of Ref. 6. The temperature Ty = 4.4 K in
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FIG. 2. (Color online) Temperature dependence of magnetic
susceptibility x per mol Cu measured at 1 T for K4CusOCl,g. The
thick dashed line is a curve fit for noninteracting spin tetrahedra and
the thick gray line is that containing a Curie-Weiss component, as
described in the text (data at temperatures above 6 K are used for
fitting). For reference, a curve fit (thin solid line) using the data above
50 K to the Curie-Weiss formula is also plotted. The inset shows an
enlarged plot of the low-temperature part.

K4CuyOCly is much lower than that in the CuTe compounds,
reflecting the much weaker intertetrahedral coupling.

More evidence of the presence of the spin-singlet state
and antiferromagnetic transition is given by the specific heat.
As shown in Fig. 3(a) and its inset, a sharp transition occurs
at Ty = 4.4 K. The specific-heat curve shows a pronounced
A-shaped peak, which indicates the existence of a second-order
phase transition. A small and broad feature is also verified
around 11 K, supporting the spin-singlet state. As shown in
Fig. 3(b), the transition at Ty = 4.4 K slightly decreased in
external fields with ATy/AH = — 0.021 K/T, which is similar
to CuyTe,05Cl,.7 The lattice contribution deviated from the
Debye law, which is not unusual for powder materials. An
exact estimation of the magnetic entropy is difficult, especially
because there is apparently a broad magnetic background
around 11 K. An exact estimation could only be made by using
a nonmagnetic reference compound. Therefore, we use the
high-temperature parts of the specific-heat results, as shown
in Fig. 3(a), to roughly estimate the magnetic specific heat and
the magnetic entropy. The magnetic entropy is 0.39RIn2 per
spin, which is close to the 0.36 RIn2 per spin in Cu,Te,05Cl,.”

We further utilized pSR studies to clarify whether the
magnetic order below Ty = 4.4 K is incommensurate as
for Cu,Te;O5X,. The positive muon ut is a sensitive local
probe for spin order and fluctuations. The time evolution of
muon-spin asymmetry directly reflects the magnetic order and
spin fluctuations.”® A SR study was carried out for a spin-
tetrahedral system. Figure 4 shows the zero-field muon-spin
asymmetry spectra of the K4CusOCly at typical temperatures.
No anomaly is observed around 11 K, supporting the absence
of short-range correlation and the spin-singlet picture. The
spectra for T > 4.4 K are best fit by a stretched exponential
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FIG. 3. (Color online) (a) Specific heat per mol formula for
K4CuyOCly (left axis) and the roughly estimated magnetic entropy
(solid line, right axis). The dashed line is an assumed lattice
contribution to the specific heat. The inset plot shows the zero-field
C/T depicting the broad anomaly around 11 K; the thin line is to
guide to eyes to help to see the small, broad anomaly. (b) Specific-heat
data under external fields showing the decrease of Ty with increasing
field. The specific-heat data are shifted upward to clearly show the
Tn decrease.

function,
a(t) = exp[— (A)’], (1)

with an average value of A = 0.125(4) and 8 = 1.72(3).
The stretched exponential relaxation is verified to be caused
by nuclear dipolar fields, which are suspected to be due
to the nuclear spins of ¥Cl, ¥Cl, ¥Cu, ¥Cu, and K
in K4CusOClyy. Apparently, the combined effect of these
multiple nuclear dipolar fields leads to a phenomenologically
described relaxation function of the stretched exponential. The
field distribution is approximately A = A/y,, = 1.5 G, which
is typical for a nuclear dipolar field of Cl nuclei, suggesting
that the positive muons stop in the vicinity of CI~ ions. For
T < Ty, muon-spin precessions with two distinct frequencies
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FIG. 4. (Color online) Zero-field uSR asymmetry spectra at
typical temperatures for K,Cu,OCl;, obtained from the RIKEN-RAL
beam line. The solid lines on the back of high-temperature data are
curves fits as described in the text. The inset shows the estimated
nuclear field distribution A.

were clearly observed [e.g., the T = 0.3 K asymmetry spectra
in Fig. 4 and a Fourier transform of the asymmetry spectra
in Fig. 5], which unambiguously demonstrates the presence
of long-range magnetic order. The experiment using the dc
continuous beam facility at TRIUMF confirms that there are
no missing frequencies. The muon precession frequencies and
hence the local field are relatively small for the Cu®* spin.
This is due to the relatively long distance between the Cu’*
spin and the muon stopping site near the C1~ ions [refer to the
structure in Fig. 1(c)]. As viewed from the crystal structure,
basically the Cl~ ions are located in two kinds of positions: one
lying close to the tetrahedron and the other far, thus producing
two precession frequencies for each ordered spin.

Fourier Power (arb. units)

TRIUMF
1

1 2 3 4 5 6
Precession Frequency (MHz)

FIG. 5. (Color online) Fourier transform of asymmetry spectra
showing broad-peak features of the muon spin precession frequencies
in K4CU4OC11().
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FIG. 6. (Color online) Examples of curve fits (thick line) using
(a) a zero-order Bessel function and (b) a modified Bessel function as
defined in Eq. (3) and (c) Eq. (4) for a fictitious commensurate order
for the zero-field SR asymmetry spectrum at 2 K (TRIUMF).

However, the muon-spin precession frequencies showed
broad-peak features, as shown in Fig. 5, implying a broad field
distribution produced by the ordered spins at muon-stopping
sites in K4CuyOCl;q. Consistent with the field distribution, the
zero-field spectra as shown in Fig. 4 show a quick damping
with time. These results contradict the usual Néel order and
can be reasonably attributed to an incommensurate magnetic
order. It is well established that, for incommensurate spatially
inhomogeneous fields with a spread between 0 and Hiy,x,> the
asymmetry for two-muon stopping sites is

i=2
il2. i 1
a" ™M) = i;ao [gjo()/uHmaxt) + 5], (2)
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FIG. 7. (Color online) Temperature dependence of muon spin
procession frequencies in K4CuyOCly.

where jj denotes the spherical Bessel function, and y,, /(27) =
13.55 kHz/G is the muon gyromagnetic ratio. The damping
of the Bessel function, reflecting the distribution of internal
fields between 0 and Hy,x, is too strong and cannot completely
account for our experimental spectra [Fig. 6(a)]. Similar
situations occurred in other practical incommensurate systems
(see, e.g., Refs. 30-33). This is expected since muons are
coupled to the incommensurately ordered Cu’* moments
through a dipolar field; therefore, a narrower field distribution
between H,,, and Hp,,x should be considered at each muon
site, hence making the damping weaker. Unfortunately, exact
muon stopping sites in K4CusOCl}y are not known, so
we could not calculate exact field distributions. A much
better fit was obtained using a modified Bessel function
[Fig. 6(b)], which is widely used for practical incommensurate
systems,?!=3?

i=2
2 . 1
ICM i . i — At — At
1) = - H ! —e . 3
a' ™) ;%LJO(W mact)e T 4 2e } 3)
Similar to that reported for FeTe,OsBrin Ref. 30, an alternative
fitting could be done using the function for a fictitious
commensurate order,

i=2
T2 . 1
a™@®) = "aj [5 cos(y, H't)e ™" + §e—*”]. )
i=1

The model above accounts for relaxation at two-muon sites in
a fictitious commensurate magnetic phase with well-defined
oscillation frequencies y, H'. Additional longitudinal and
transverse relaxation rates Ay, and Ar, respectively, are added.
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The latter can effectively serve to mimic the effect of the field
distributions in the incommensurate phase, not affecting the
modeled precession frequencies. As can be seen in Fig. 6(c),
this model describes the experimental spectra reasonably well.

In Fig. 7 we plot the temperature dependence of the muon
spin precession frequencies. Therefore, the SR experiment
strongly suggests an incommensurate magnetic order in
K4CU.4OC11Q.

The present results are reasonable and interesting as
compared to the known spin tetrahedral systems Cu,Te,Os X 5.
In Cu,Te, 05 X, and in special Cu, Te, OsBr,, a unconventional
low-temperature incommensurate order has been suggested to
be close to quantum criticality, reflecting the interplay of com-
peting intratetrahedral and intertetrahedral couplings.’~!%-18-23
There have been a lot of arguments about the structural low
dimensionality and the influence on magnetism in the Cu-
Te-O-Cl(Br) compounds. For example, an inelastic-neutron
investigation suggested the presence of low-dimensional corre-
lations above Ty in Cu,Te,OsBr,.'7 The ratio of Ty versus the
temperature of susceptibility maximum, 7n/7y max, 1S viewed
as an indicator of the closeness to the quantum criticality
(e.g., in Refs. 7 and 24). The ratios Tn/Tymax are 0.79, 0.72,
and 0.38 for CUQT6205C12, CU.4TC5012C14, and CU.QTCQOsBI‘g,
respectively. The ratio Tn/Tymax = 0.40 of K4CuyOCly is
close to that of Cu, Te,OsBr,. The present work shows that the
previously proposed ground state for structurally anisotropic
Cu,Te, 05X, compounds is also valid in an isotropic spin
tetrahedral system.

In summary, we have presented a unique real material
K4Cuy0Cly as an ideal isotropic spin tetrahedral system. The
spin-singlet state, which was previously revealed for struc-
turally chain-featured tetrahedral Cu,Te,O5X, (X = Cl, Br),
also exists in K4CusOCl;o. Unconventional incommensurate
ordering has been reported for Cu, Te,O5Br;, indicating close-
to-quantum-criticality states for spin tetrahedral systems.
Here, our work shows that similar incommensurate ordering
also exists in a three-dimensional isolated spin tetrahedral
system.
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