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Abstract

®

CrossMark

Typically, quantum spin liquid candidates can be found in materials with a combination

of geometrical frustration along with low spin. Due to its spin of S = 1/2 the copper (II)

ion is often present in the discussion on spin liquid candidates. The solid state compound
Ca3Cu,GeV,0; is a material that crystallizes in the garnet structure (s.g. #230, la-3d),
where 3D frustration is known to occur. Heat capacity has shown a lack of magnetic ordering
down to 0.35K, confirmed with low temperature neutron diffraction to 0.07 K. This system
displays a Weiss temperature of —0.93(1) K indicating net antiferromagnetic interactions and
significant J;—J, competition causing frustration. Using both neutron and x-ray diffraction
along with heat capacity and magnetometry, the work presented here shows Ca;Cu,GeV,0,

has potential as a new spin liquid candidate.
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(Some figures may appear in colour only in the online journal)

1. Background and introduction

Interest in the field of frustrated magnetism in solid state
materials has been steadily increasing over the last decade due
to the vast amount of unusual ground states that they exhibit
[1, 21>°. Frustration is often found when competing interac-
tions prevent tradition magnetic ordering of the local spin con-
figurations [3]. One of the simplest examples of frustration
in two dimensions occurs when competing antiferromagnetic
interactions exist between spins on the 2D square lattice. This
*J1—J>” model, where J; and J, denote the nearest neighbour J;
and next nearest neighbour interactions J,, respectively, leads
to spin liquid behaviour at low temperatures [4, 5]. A quantum
spin liquid is a largely elusive state of matter with quantum
disordered ground states preventing conventional magn-
etic ordering [6, 7]. Depending on the context, a variety of

3 For a review, see [1].
® For a review of quantum spin liquids in frustrated materials, see [2].

1361-648X/20/134001+7$33.00 1

definitions have been used for quantum spin liquids, including:
the absence of long range order; the absence of spontaneously
broken symmetry; or a state with fractional excitations [8].
Typically, many different observations from different tech-
niques are required to build a complete picture of a true spin
liquid [6]. Small spins (ie. S = 1/2) which enhance quantum
fluctuations are often included in the criteria for new quantum
spin liquids [1, 9, 10]7. The J;—J, model on the square lat-
tice in two dimensions is a clear example of a quantum spin
liquid, although it is difficult to realize true 2D S = 1/2 sys-
tems in bulk 3D materials. Other examples of quantum spin
liquid candidates in 2D systems are usually found in lattices
based upon triangular topologies such as the kagomé system
Herbertsmithite [11] and the triangular lattice TbInO3 [12].
In three dimensions, the case is less clear for spin liquid
behaviour and for spin liquid candidates. Much of the search
for new spin liquids has concentrated on triangular plaquette

7 See footnote 5.

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. Generic phase diagram of the S = 1/2 bcc lattice with
nearest (/1) and next nearest neighbour (J;) interactions. The
paramagnetic (PM) region, ordered (AF;, AF,) region and a
quantum phase transition (QPT) at J;/J, = 0.705 £ 0.005 are noted.
Adapted from [15].

systems connected in various ways, such as the pyrochlore lat-
tice (made of 3D corner-shared tetrahedra) [13] and the face
centred cubic (FCC) lattice (made of 3D edge-shared tetra-
hedra) [14]. However, for spins connected through the body
centred cubic (BCC) lattice in three dimensions, there has been
considerably less attention, even though frustration clearly is
present if there is competing J,—J, superexchange with nearest
and next nearest neighbour spins. In the quantum case for
S = 1/2 in particular, a significant amount of theory has been
developed to explore how quantum fluctuations modify the
classical phase diagram separating two antiferromagnetically
ordered phases for dominant J; or J, interactions. Oitmaa and
Zheng, for example, have reported that competition between
nearest neighbour J; and next nearest neighbour J, on the BCC
lattice leads to a phase diagram with a paramagnetic critical
line separating the two ordered antiferromagnetic phases at
Ji/J, =0.705 £ 0.005 for the case of S = 1/2 spins (figure
1) [15]. Series expansion calculations have shown that this
is a first-order transition for finite temperature, but the phase
boundary extending down to zero Kelvin ends in a quantum
phase transition. Quantum fluctuations can allow for a new
phase to exist near this critical J,/J, value and shift the bounda-
ries of this phase diagram considerably. Very recent theoretical
work has shown that the phase diagram for this system can
be even more complex for nearest neighbour Jj, next nearest
neighbour J, and third neighbour J3 interactions on the BCC
lattice. The full quantum phase diagram allows for six different
phases, including traditional Néel ordering, a ferromagnetic
ordered phase, a stripe ordering, and a quantum paramagnetic
state [16]. These findings strongly motivate a search for model
S = 1/2 systems on the BCC lattice that can be tuned to have
varying J,/J»/J3 interactions to explore the effects of frustration.

\AA

Figure 2. Illustrations of the garnet structure highlighting
polyhedra (a) and Cu—Cu bonds (b). Blue = Ca’*; yellow = Cu’*;
green = Ge/V mixed cations. Nearest neighbour bonds are shown in
yellow; second-nearest neighbour bonds are shown in orange.

Transition metals in particular have large, extended d orbitals
which can give rise to significant overlap with nearest neigh-
bours, and likely provide some of the best examples of signifi-
cant superexchange on the BCC lattice.

The garnets are a well studied family of materials iso-
structural with the mineral garnet, with the general formula
A3B,C3X,. Figure 2(a) shows the garnet structure where
A (blue), B (yellow), and C (green) refer to cations in
dodecahedral, octahedral, and tetrahedral sites, respec-
tively. X (red) is typically the oxide anion; however fluoride
and hydroxide garnets are also known [17]. Most garnets
crystallize in the cubic la3d space group (s.g. #230) with
8 formula units per unit cell. The A cation is found in the
24c site (Y3, 0, Y4), the B cation is found in the 16a site (0, O,
0), the C-cation in the 24d site (35, 0, %4), and the X anion in
the 96 h general position (x, y, z). Most importantly for this
work, the B cation is found in a body-centered cubic (bcc)
sublattice. Figure 2(b) shows this bcc sublattice, where the
nearest neighbours are indicated with yellow bonds and the
second-nearest neighbours are shown connected with an
orange bond (which can be directly linked to the predictions
of Oitmaa and Zheng’s exchange pathways [15]). Due to
their structural tolerance, many cations can be substituted
into a garnet [17], and if the proper choice of cations in the
A and C positions are realized, the Cu?* cation can be found
in a bcc lattice. Examples of this include NaCa,Cu, V30,
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Figure 3. Rietveld plot of the powder x-ray diffraction data for the refinement of the cubic garnet phase Ca;Cu,GeV,0;, with a small CuO
impurity. Black symbols = observed data, red line = fit, blue line = difference. Bragg peak positions are shown as black tics for the garnet

phase and blue tics for the CuO phase.

[18], Mn3Cu,SiV,0, [19], SrCaNaCu,V3;0, [20], and
Ca3Cuy,GeV,0q, [21]. In this article we will focus on the
S = 1/2 Ca3Cu,GeV,0,, garnet reported by Mill et al [21].
This compound was synthesized using the conventional
solid state method with a small amount of impurity. The
structure was refined using the Rietveld method in the orig-
inal work [22], but to our knowledge no magnetic studies
have been performed on this compound. Therefore, the
primary motivation behind this work is to understand the
magnetic properties of the spin-Y2 Cu®* on the bec lattice of
the spin liquid candidate Ca3;Cu,GeV,0,.

2. Experimental details

2.1. Synthesis

Bulk polycrystalline samples were sythesized using the con-
ventional solid-state method. CaCO; (Alfa Aesar, 99.5%), CuO
(Baker Analyzed Reagent, 99%), GeO, (Alfa Aesar, 99.99%),
and V,0s (Alfa Aesar, 99.6%) were ground using an agate mortar
and pestle in an acetone slurry according to the following scheme:

SCHCO"; + 2Cu0O =+ GCOz —+ V205 — Ca3CuzGeV2012 + 3C02

Reagents were pressed into pellets, placed in an alumina crucible
and heated in air for 36 h with intermittent grindings every 12h.

2.2. Powder x-ray diffraction

Powder x-ray diffraction data were collected on a Huber
G670 Guinier Camera diffractometer using Cu K radiation
(Ge-monochromator, A(Cu-Kaj) = 1.540560 A). Samples

Table 1. Structural parameters for Ca;CuyGeV,0 garnet phase
(space group: la3d (#230) as obtained from Rietveld Refinement
against x-ray diffraction data measured at room temperature.

Composition CazCu,GeV;,04;
Space group la3d (#230)
Unit cell a(A) 12.43408 (9)
V (A% 1922.39 (4)
Ca (24¢) (%, 0, 1) Bis, (A?) 0.73 (3)
Cu (16a) (0, 0, 0) Bis, (A?) 0.86 (2)
Ge/V (24d) (34,0, %)  Occupancy 33%/66%
Bi, (A2) 0.24 (2)
O (96h) (x, y, 2)* xla —0.0369
/b 0.0550
zlc 0.1556
By, (A?) 1.25 (4)
z 8

R-values: XRDP: (Rp, Rwp, x?) 2.92/4.18/1.60

# Oxygen anion positions x, y, and z were not refined in this work, they were
fixed to the positions reported by Mill ez al [21].

Y X-ray: Kqp, A = 1.540598 A, 15° < 20 < 100°, A20 = 0.005°, 17000 data
points.

were mounted as thin layers on a Mylar polyester film using
acetone slurries. Data were collected in 0.005° steps covering
a 20 range from 15° to 100° with 5 min exposure time. Rietveld
Refinements were performed using Topas (Version 6) software.

2.3. Magnetic properties

DC magnetometry data were collected using a Quantum
Design Physical Property Measurement System (PPMS) with
a vibrating sample magnetometer option. Approximately
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Figure 4. Magnetic susceptibility data for the CazCu,GeV,01;, garnet. The field cooled data are shown with open light-blue circles, while
the zero-field cooled data are shown with solid black circles. The closed red circles show the inverse magnetic susceptibility data and the
black line is the fit to the Curie—Weiss law. All data were collected in a 0.1 T field. Note: 1 emu/(mol Oe) = 47 10~ m> mol .
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Figure 5. Specific heat measurements of: Caz;Cu,GeV,01, at O T (open black circles), 9 T (solid blue circles); and CazMg,GeV,01; (green
line) used as a lattice standard. a) Heat capacity as a function of temperature. (b) C/T as a function of temperature. Inset (left) shows a zoom
window of the data at 0 T, while inset (right) shows the lattice subtracted 3 T data for Ca3Cu,GeV,0;; as solid blue circles with the dashed

green line representing the best fit to the Schottky model. The solid red line represents the integration from 350 mK to 20K and the red

dashed line is the expected value for RIn(2S + 1) with S = V2.

25 mg of sample were measured from 1.8 Kto 350K ina 0.1 T
applied magnetic field.

2.4. Heat capacity

Heat capacity measurements were collected on an approxi-
mately 6 mg pellet adhered to a sapphire platform sample stage
of a Quantum Design Helium-3 insert puck using Apiezon N
grease. Data were collected using the quasiadiabatic tech-
nique at magnetic fields of 0 T and 3 T from 0.350K to 20K.
The heat capacity of the puck and grease were subtracted from
the total heat capacity.

2.5. Neutron diffraction

Neutron diffraction was conducted on the BT-7 triple axis
spectrometer at the National Institute of Standards and
Technology Center for Neutron Research in Gaithersburg,
Maryland, USA [22]. Ten grams of Ca3;Cu,GeV,0,;, poly-
crystalline powder was packed in a copper sample can and
pressurized under 10 atmospheres of helium at 300K in order
to improve thermal contact. Neutrons with a wavelength of
2.359 A were used with open collimation and a position-sen-
sitive detector. A dilution fridge was used to collect data at
10K, 800 mK, and 70 mK covering a 26 range from 10°-68°.
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Figure 6. Neutron diffraction data for CazCu,GeV,01; collected on the BT-7 triple axis spectrometer at the National Institute of Standards
and Technology Center for Neutron Research. Diffraction data were collected at 800 mK (black curve) and 70 mK (red curve). The
reduction in intensity at the lowest angles is due to attenuation by the Bi shielding in the direct beam. The green curve is the difference
between the 800 mK and 70 mK data. Blue asterisks represents peaks from the CuO impurity as well as Al from the cryostat. The inset also

includes 10K data (blue).

3. Results and discussion

Ca3Cu,GeV,0;, was synthesized using the conventional
solid state method as described in section 2.1. Rietveld refine-
ments against x-ray diffraction data confirm a cubic cell with
the space group /a3d and a lattice parameter of 12.43408(8)
A. The Rietveld refinement is shown in figure 3, and table 1
reports the relevant structural parameters for Ca;Cu,GeV,0 5.
The unidentified peaks present in the work by Mill ez al [21]
are present for all synthesis attempts. They have been identi-
fied as a CuO impurity in the range of 1%—5% by weight. In
these refinements, the vanadium to germanium ratio was kept
at 2:1 and no site mixing was seen for any cations. Diffraction
confirms regular dodecahedral, octahedral, and tetrahedral
coordination for Ca, Cu, and Ge, respectively, with bond
lengths of 2.42856(2) A for all Ca—O bonds, 2.10272(2) A
for all Cu—O bonds, and 1.74512(1) A for all Ge-O bonds.
Consequently, the Cu—Cu nearest neighbours are 5.384 12(4) A
and the second-nearest neighbour Cu—Cu bond is 6.217 04(5)
A. These are well within standard bond distances for known
copper (II) oxides.

Magnetic susceptibility was collected from 2K to 350K
(figure 4), showing completely overlapping field cooled and
zero-field cooled data. This suggests an absence of glassi-
ness or ferromagnetic phase transitions in the measured
temperature range. The inverse susceptibility versus temper-
ature data showed linear behaviour for the full data range.
The data were fit to the Curie—Weiss law (x = C/(T — Ocw))
where a Ocw of —0.93(1) K was extracted along with a e
of 1.72(1) ug. The effective moment corresponds well with
the expected spin-only magnetic moment of Cu®>* with a spin

of S = Y4 (using p = 2[S(S + 1)]" = 1.73 up). The Ocw indi-
cates the presence of net antiferromagnetic interactions in the
Ca3Cu,GeV,01, ground state. Magnetic susceptibility shows
no obvious phase transition to 1.8 K, which is not surprising
due to the cw = —0.93(1) K. The low value for the Curie—
Weiss temperature is suprising, given the extended nature of
the d-orbitals for Cu?*, and likely is a sign of competing inter-
actions between nearest and next nearest neighbour spins. An
estimate of the nearest neighbour J,, can be made through a
mean field approximation [23]:

O =25(S+1)/3k Y zula

where n is the nth neighbour and J, is the corresponding
exchange constant, S is the spin, & is Boltzmann’s constant, z,
is the number of neighbours for value n, and 0. is the algebraic
sum of all of the exchange constants [24]. Using this approx-
imation, one can estimate the nearest neighbour exchange
constant to be J,,, = —0.23(1) K, and if this system is close to
the quantum phase transition, J,,, = —0.16(1) K.

Heat capacity can be used to explore phase transitions
(magnetic or structural) which may exist at low temperature.
It is also an important tool used to understand the magnetic
entropy at low temperature. As can be seen in figure 5, no
magnetic ordering, in the form of a lambda like anomaly for
a phase transition, is seen down to 350 mK in zero applied
field. There is, however, a sharp increase seen in C/T (figure
5(b)) at low temperatures. An applied magnetic field pushes
this feature out to higher temperatures—the 3 T curves (blue)
in figure 5(b) show a peak at 1.4 K in the C/T versus T plot for
an applied field of 3 T. This is typical of a Schottky anomaly
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due to the splitting of the low temperature S = 1/2 doubletin a
magnetic field. Fits to the Schottky model largely failed in cap-
turing the data, indicating more complicated magnetic interac-
tions at play. Integrating the area between the 3 T curve and
the lattice standard (CazMg,GeV,0,) extracts the majority of
the entropy expected for a S = ¥2 system. Using the spin-only
formula for the expected entropy (AS = RIn(2S + 1)) a value
of 5.76 J (K molc,)~! is expected. The total integration from
350 mK to 20K yields a value of AS = 5.08 J (K molc,) L.
The missing entropy is likely from an inability to integrate the
full heat capacity peak at low temperatures.

Neutron diffraction using a dilution refrigerator (resulting
in an aluminum peak around 260 = 60°) was used in order
to further probe the possible ordering temperature of
Ca3Cu,GeV;,0y;, and determine which of the antiferromagn-
etic structures predicted by Oitmaa and Zheng might be pre-
sent below the ordering temperature [15]. Figure 6 shows the
comparison of diffractograms taken at 800 mK and 70 mK. As
can be seen by the difference line the only difference between
the two temperatures is found in the peak at 260 = 60°, which
does not belong to the sample. The inset also includes the data
collected at 10K showing no difference in Ca3Cu,GeV,0;,
peak size or shape, and no new peaks appearing. This suggests
that in the absence of field, no long range ordering occurs
down to 70 mK. A frustration parameter (f = | Ocw| /Tc) is
often used to indicate how frustrated a system is. Ideally, a
quantum spin liquid would show a frustration parameter of
infinity, as there is no ordering down to 0K [25]. Highly frus-
trated systems typically have f > 10 [24, 26]. A minimum
value of f = 13.29 can be calculated based on no magnetic
ordering down to 0.07 K, confirming that our system is highly
frustrated and a possible spin liquid candidate. The proximity
to a possible quantum phase transition for competing Jo/J;
interactions on the S = 1/2 BCC lattice is a likely origin for
this phase.

4. Conclusions

The quantum spin liquid candidate Ca3Cu,GeV,0;, was
explored using x-ray and neutron diffraction, confirming
the successful synthesis of the garnet phase (s.g. 230: Ia3d)
with no magnetic phase transitions down to 70 mK. Magnetic
susceptibility confirms the Cu?>* magnetic ion is present and
that net antiferromagnetic interactions dominate. Specific
heat measurements suggest no long range order down to base
temperature of 350 mK and low temperature neutron diffrac-
tion suggests this lack of magnetic order extends to temper-
atures beyond 70 mK. Providing unambiguous evidence of a
quantum spin liquid is a difficult task, and many more experi-
ments, such as thermal transport [27] and inelastic neutron
scattering measurements [28], are required before any con-
firmation of this elusive phase can be claimed. However,
this work shows that CazCu,GeV;,0;; is a promising mate-
rial in the search for quantum spin liquids and that using the
competing exchange interactions on the B-site of the garnet
phase with a spin = Y2 magnetic ion shows promise for future
quantum spin liquid research.
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