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We report a detailed study of the magnetic properties of the buckled kagome compound Cu;Y(SeO;),0,Cl
using heat capacity, magnetization, powder neutron diffraction, electron spin resonance, and first-principles
calculations. The crystal structure is confirmed to be isotypic with the mineral francisite, with orthorhombic space
group symmetry Pmmn throughout the temperature range 5-300 K. Magnetization, heat capacity, and neutron
diffraction confirm long range magnetic order below Ty = 35 K. The electron spin resonance spectra reveal the
presence of two modes corresponding to two different crystallographic Cu positions. The principal g values of the
g tensor of Cul sites were found to be g; = 2.18(4), g, = 2.10(6), and g3 = 2.05(9), while the effective g factor of
Cu2 sites is almost isotropic and is on average g = 2.09(5). At low temperatures, Cu; Y(SeO;),0,Cl undergoes
a metamagnetic transition, with a critical field Bc = 2.6 T at 2 K, due to the suppression of the interplane
exchange interactions and saturates in modest magnetic field Bg < 8 T. The first-principles calculations allow
an estimation of both intraplane and interplane exchange interactions. The weakness of the interplane exchange
interaction results in low values of the critical fields for the metamagnetic transition, while the competition
between intraplane exchange interactions of different signs results in a similarly low value of the saturation field.
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I. INTRODUCTION

The diversity of crystal structures and the peculiar mag-
netic topologies found in minerals have attracted increasing
attention of condensed matter physicists interested in quantum
cooperative phenomena at low temperatures [1-5]. Among the
recently discussed hot topics in this field are the pressure-
induced superconductivity in calaverite AuTe, [6,7] and the
formation of the gapped (or gapless) quantum spin liquid
ground state in Herbertsmithite ZnCu3(OH)¢Cl, [8—11].

The title compound CuzY(SeO;),0,Cl is a synthetic
analog of the mineral francisite Cu3Bi(SeO;),0,Cl, which
crystallizes in the orthorhombic space group Pmmn with
cell dimensions a=6.354(1) A, b=9.630(1) A, c=
7.220(2) ;\, and Z =2 [12]. It consists of two-dimensional
buckled kagome sheets of Cu>* cations in the ab plane, con-
taining eight-coordinated Bi*", square-planar (or tetragonally
distorted octahedra) Cu?*, and three-coordinated Se**. The
chloride ions and the selenium lone pair electrons occupy
tunnels parallel to [001], as shown in Fig. 1. Studies of the
physical properties of francisite are limited to measurements
of anisotropic thermal expansion, interpreted in terms of
oxocentered copper-bismuth tetrahedra [13] and investigations
of magnetism and optical birefringence in its synthetic analogs
Cu3Bi(Se05),0,X (X =Cl, Br, I) [14]. At low temperatures,
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long-range magnetic order was established in both Cl-based
and Br-based compounds. The variation of the halogens
in these phases results in a regular increase of unit cell
parameters and elongation of the corresponding bonds. Hence,
the magnetic properties of the bismuth oxohalides are very
similar, with Néel temperatures of 24.2 and 23.8 K in the
oxychloride and oxybromide, respectively [13].

Subsequent studies have concentrated on
Cu3Bi(SeO5),0,Br. Anisotropic magnetic properties in
this compound have been studied by bulk magnetization
measurements as well as powder and single-crystal neutron
diffraction [15]. At Ty =274 K the system develops
an alternating antiferromagnetic order of the kagome
layers, which individually exhibit a canted ferrimagnetic
moment shown in Fig. 2, resulting from competing ferro-
and antiferromagnetic intralayer exchange interactions. A
magnetic field Bo ~ 0.8 T applied along the ¢ axis triggers
a metamagnetic transition, where every second layer flips
resulting in a ferrimagnetic structure. Significantly higher
fields are required to rotate the ferromagnetic component
towards the b axis (~7 T) or towards the a axis (~15 T).
Terahertz transmission spectra have been measured as a
function of temperature and magnetic field on single crystals
of Cu3Bi(Se05),0,Br [16]. In time-domain spectra in
the absence of an applied magnetic field, two resonance
absorptions were observed below Ty. The corresponding
resonance frequencies increase with decreasing temperature
reaching energies of 1.28 and 1.23 meV. Multifrequency
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FIG. 1. (Color online) Structure of Cu;Y(Se0;),0,Clin a mixed
ball-and-stick and polyhedral representation. Large, medium, and
small circles between corrugated copper-selenium planes represent
yttrium, copper, and chlorine ions, respectively. The arcs indicate the
main intraplane exchange interaction pathways.

electron spin resonance transmission spectra as a function
of the applied magnetic field show the field dependence of
four magnetic resonance modes, which were modeled as a
ferromagnetic resonance.

Chemical substitutions can have a significant impact on the
crystal structure and ensuing physical properties. For example,
the replacement of selenium by tellurium induces a substantial
transformation of the parent structure. In Cuz;Bi(TeO5),0,Cl,
this results in the change of one of the copper coordinations
from a CuOy square plane to a CuO4Cl square pyramid. This
leads to a doubled ¢ parameter and a change in the space
group to Pcmn [17]. On the other hand, the original Pmmn
structure was reported for the erbium analog of francisite
Cu3Er(Se05),0,Cl [18] and no substantial variations in
orthorhombic crystal structure were found for the series of
lanthanide oxohalides Cu3;Ln(Se0O5),0,X (Ln=La, Nd, Sm,
Eu, Gd, Dy, Ho, Er, Yb, Y; X =Cl, Br). The oxochlorides were
formed with all lanthanides, while oxobromides were formed
for Ln = La—Gd only [19].

In this present work we report a detailed study of the
magnetic properties of Cu3Y(Se03),0,Cl with heat capacity,

FIG. 2. (Color online) The spin model for Cu;L(SeO;),0,X
(L=B4i, Y, X=Br, Cl) with Cul (green) moments canted from the ¢
axis towards the b axis coupled ferromagnetically to the moments on
the Cu2 (red) sites which aligned parallel to the ¢ axis. The buckled
kagome layers of Cul and Cu2 site cations are antiferromagnetically
arranged with respect to one another. Note that the figure only shows
one half of the magnetic unit cell along the ¢ axis.
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magnetization, neutron diffraction, and electron spin
resonance (ESR) studies, supported by first-principles calcu-
lations to determine the underlying spin model. This provides
an important comparison to the previously well studied analog
Cu3Bi(Se0;3),0,Br, which displays a unique noncollinear
magnetic structure as a result of its interesting layered and
magnetically frustrated topology. Instead of exhibiting the
standard “spin-flop—spin-flip” succession of phase transitions,
Cu3Bi(Se0;3),0,Br undergoes a metamagnetic transition, as
discussed above. It is important to determine whether this
spectacular metamagnetic response is a general feature of
the francisite family. To eliminate the complications of an
additional magnetic sublattice due to a rare earth cation the
yttrium-substituted compound was chosen.

II. EXPERIMENT

Cu3Y(Se05),0,Cl was prepared from a stoichiometric
mixture of high purity Y,03, CuO, CuCl,, and SeO,. The
selenium dioxide was obtained from selenous acid, which was
dehydrated under dynamic vacuum at a moderate temperature
and then sublimed in a flowing mixture of dry air and NO, pre-
pared by thermal decomposition of Pb(NOs),. All preparatory
procedures with SeO, were carried outin adry box purged with
argon. The stoichiometric reactant mixture was thoroughly
ground in an agate mortar and transferred into quartz tube
which was sealed under vacuum and placed into an annealing
furnace with controlled heating. The mixture was heated to
300 °C over 12 h and kept at this temperature for 24 h. Then
the temperature was raised to 575 °C over 12 h and maintained
at this temperature for 72 h. This produced a green-colored
powder product. Preliminary characterization used powder
x-ray diffraction collected on a STOE Stadi P diffractometer
equipped with a Ge (111) monochromator (Cu K « radiation,
26 range 10°-115°), which confirmed phase purity according
to the previously suggested structural model [19].

Magnetization and susceptibility data were taken on a
Quantum Design Physical Property Measurement System
(PPMS) over the temperature range 2-300 K in applied
field strengths up to 9 T. Heat capacity was measured on
a 10 mg sample of Cu3zY(SeO;3),0,Cl in the same PPMS
instrument using the relaxation method in the temperature
range 2-300 K. Powder neutron diffraction data were collected
for Cu3Y(Se03),0,Cl on the GEM diffractometer at the ISIS
spallation neutron source, Rutherford Appleton Laboratory.
A 5.18 g powder sample was loaded into an 8§ mm outer
diameter vanadium can such that the sample covered the
400 mm height of the neutron beam. The sample was placed
into a “*He cryostat and diffraction data were taken over the
temperature range 5-280 K. Rietveld analysis of the data
was performed using the GSAS software [20]. ESR studies
were carried out using an X-band ESR spectrometer CMS
8400 (ADANI) (f ~ 9.4 GHz, B < 0.7 T) equipped with a
low temperature mount, operating in the range 7 = 5-300 K.
The effective g factor has been calculated with respect to a
BDPA (a,g-bisdiphenyline-b-phenylallyl) reference sample
with g =2.00359. The first-principles calculations were
performed on the Uran cluster of the IMM Ural Branch of
RAS.
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FIG. 3. (Color online) The temperature dependence of the mag-
netic susceptibility of Cu;Y(SeO5),0,Cl in applied field strengths of
1-9 T, with a field step of 1 T. The inset represents the temperature
dependence of the magnetic susceptibility at 0.1 T along with the
Curie constant as a function of temperature. The dotted line represents

an extrapolation of the Curie-Weiss type dependence from the high
temperature region.

III. RESULTS AND DISCUSSION

Figure 3 shows the temperature dependence of the magnetic
susceptibility of Cu3Y(Se03),0,Cl measured in various ap-
plied magnetic fields up to 9 T. At lower fields, the susceptibil-
ity data show a sharp peak characteristic of antiferromagnetic
order at a Néel temperature 7y = 36.3 K. The inset to Fig. 3
shows the magnetic susceptibility measured in a 0.1 T field,
which exhibits a one third drop for temperatures 7 < Ty con-
sistent with an easy-axis antiferromagnet. An increase in the
applied magnetic field strength results in a broadening of the
pronounced ordering transition and an apparent shift to higher
temperatures. Eventually, the nature of the magnetic suscep-
tibility becomes ferromagnetic for applied fields B > 4 T.
The temperature dependence of the susceptibility can be
modeled in terms of Curie-Weiss behavior with ® =75 K
and C =1.23 emu/mol and a temperature independent term
xo = —1.56x107* emu/mol. The positive sign of the Weiss
constant ® indicates the predominance of ferromagnetic
exchange at elevated temperatures and the Curie constant C
yields an effective magnetic moment ;2 = 9.84u% per mole
formula unit, which corresponds to a moment of 1.81up per
Cu’* cation. The value of x is the summation of individual
ions Pascal’s constants [21] and van Vleck magnetism of
Cu’t [22]. The inset of Fig. 3 also shows the temperature
dependence of the Curie constant, which clearly shows the
strengthening of antiferromagnetic interactions upon cooling.
The magnetization of Cu3Y(Se03),0,Cl as a function of
field is shown in Fig. 4 measured over the temperature range
5-30 K. At low temperatures, the primary linear response
changes into a sharp upturn at moderate magnetic fields and
with increasing temperature this anomaly shifts to lower mag-
netic fields. The magnetization at 2 K and its field derivative
are shown in the inset to Fig. 4. The metamagnetic transition
at this temperature occurs at a critical field Bc=2.6 T
and at high fields the magnetization tends towards a slightly
reduced saturated value than the expected Mg = ngSup =
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FIG. 4. (Color online) The field dependence of the magnetization
in Cu;Y(Se0;),0,Cl over the temperature range of 5-30 K in steps
of 5 K. The inset shows the field dependence of the magnetization at
2 K and its field derivative.

3.165u 5 per formula unit of three Cu** cations with g =2.11.
Further evidence for the appearance of long range order in
Cuz3Y(Se03),0,Cl is given by the heat capacity C,. The
temperature dependence of C, measured in various magnetic
fields in the range 0-5 T are shown in Fig. 5. In the absence
of a nonmagnetic analog for CuszY(Se0;),0,Cl it is difficult
to separate the different contributions to the heat capacity. The
modest magnitude of the peak at Ty =36.3 K allows one to
assume that a significant amount of magnetic entropy (Smag)
is released well above the transition temperature. Indeed,
calculating the entropy released at the transition by subtracting
off the high field specific heat as a rough estimation of the
lattice contribution gives a value of Syae~1.35J mol ' K1,
which is to be compared with the thermodynamic value
of 3RIn2 = 17.3Jmol~' K~! (where R is the universal gas
constant). Evidently the magnetic entropy released above the
transition temperature constitutes more than 90% of the overall
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FIG. 5. (Color online) The temperature dependence of the heat
capacity of CuzY(Se0;),0,Cl measured in zero field and applied
field strengths of up to 5 T. The inset shows the field dependence of
the heat capacity around the magnetic ordering transition in clearer
detail.
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FIG. 6. (Color online) Plot of the Rietveld refinement of the
Pmmn model to powder neutron diffraction data collected for
Cu;3Y(Se05),0,Cl on the high resolution backscattering bank at
280 K.

magnetic entropy. This fact is in full agreement with the strong
deviation of the experimental x (7") data from the extrapolation
of the high temperature Curie-Weiss law from below ~150 K,
as shown in the inset to Fig. 3.

Figure 6 shows the Rietveld refinement of the orthorhom-
bic Pmmn model to powder neutron diffraction data of
Cu3Y(Se03),0,Cl collected on the high resolution backscat-
tering bank of the GEM diffractometer at 280 K. Lattice
parameters, atomic positions, isotropic thermal parameters,
background terms, diffractometer constants, wavelength-
dependent absorption correction, scaling, and profile pa-
rameters refined simultaneously to four histograms (banks
3-6) to give an overall R, =2.15% and x2=3.66 for 81
variables. Table I gives a summary for the results of the
Pmmn model. Upon cooling, the powder neutron diffraction
data confirm the occurrence of the magnetic phase transition
observed in the magnetic susceptibility, magnetization, and
heat capacity data at Ty =36.3 K through the appearance
of magnetic Bragg peaks. The main magnetic reflections are
present at d spacings of 4.5 and 4.9 A and can be indexed

TABLE 1. Refined atomic coordinates and isotropic ther-
mal parameters within the Pmmn nuclear structural model for
Cu3Y(Se0;),0,Cl1 at 280 K [a=6.2991(1) A, b=9.4411(1) A,
c=6.9724(1) A].

PHYSICAL REVIEW B 90, 214417 (2014)

Atom Site X y Z Occ Usiso //3;2
Y 2a 1/4 1/4 0.2660(1) 1.0 0.0059(3)
Cul 4c 0 0 0 1.0 0.0081(2)
Cu2 2a 1/4 1/4 0.7955(2) 1.0 0.0081

Se de 1/4 0.5605(1) 0.5899(1) 1.0 0.0041(2)
Cl 2b 1/4 3/4 0.1465(1) 1.0 0.0222(3)
o1 4e 1/4 0.1103(1) 0.9969(1) 1.0 0.0044(2)
02 8¢ 0.0397(1) 0.5881(1) 0.7373(1) 1.0 0.0079(2)
03 de 1/4 0.1193(1) 0.5748(1) 1.0 0.0074(3)
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FIG. 7. (Color online) The neutron diffraction data of
Cu3Y(Se05),0,Cl at various temperatures showing the growth of
the most distinct magnetic Bragg peak upon cooling below T. The
inset shows the intensity of this magnetic reflection as a function of
temperature.

by the magnetic propagation vector k = (0, 0, 0.5). Figure 7
shows the growth of the (1 1 0.5) reflection of the magnetic
unit cell, the form of which as a function of temperature
(see Fig. 7, inset) is indicative of a second-order magnetic
phase transition. In order to calculate the potential symmetry-
allowed magnetic structures that can result from such a phase
transition representational analysis of the crystal structure
with the k vector was performed using the 2 K version of
the SARAA-representational analysis program [23]. SARAA
determines the space group symmetry elements that leave the
k-vector invariant, which form the little group G4 and gives
the representation of a crystallographic site in terms of the
irreducible representations (IRs) of G. For Cu3 Y (SeO3),0,Cl
with Pmmn space group symmetry and k = (0, 0, 0.5) there are
eight symmetry elements that leave the k vector unchanged and
the resulting IRs and their associated basis vectors (BVs) i,
are given in Table S1 of the Supplemental Material [24].
From powder diffraction data alone, it was difficult to
obtain an unambiguous magnetic structure solution. However,
an earlier single crystal neutron diffraction study [15] of the
related material Cu3Bi(SeO;),0,Br, which adopts the same
Pmmn structure with the buckled kagome network of Cu**
ions and undergoes a magnetic ordering transition at Ty =
27.4 K with the same k-vector (0, 0, 0.5), revealed that the
best fit to data was obtained for the magnetic structure given
by the I'; IR for both copper sites. Given the similarity of
the two structures and the nature of the ordering transition,
the I'; model was selected as a magnetic model for the low
temperature neutron diffraction data of CusY(SeO5),0,Cl.
The magnetic Rietveld refinement was performed in GSAS
using the SARAA-refine [23] program to set up the magnetic
phase. The lattice parameters, isotropic thermal parameters,
and profile parameters of the magnetic phase were constrained
by the nuclear phase and once again, the nuclear and magnetic
models were refined simultaneously to histograms collected
on banks 3-6. Figure 8 shows the refinement to the small-
angle (bank 3) data, where the magnetic reflections are most
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FIG. 8. (Color online) Rietveld refinement of the Pmmn nuclear
model (bottom tick marks) and the I'3 magnetic model (top tick
marks) to the small angle GEM diffraction data of Cu;Y(SeO;),0,Cl
collected at 5 K. The inset shows the fit to the two main magnetic
reflections.

apparent. The inset shows the fit to the data over the d-spacing
range around the two main magnetic Bragg peaks, which
demonstrates the excellent agreement between the I'; model
and the data. The refined magnetic moments were (0, 0.11(1),
0.40(2)) up and (0, 0, 1.04(4)) wp for the Cul and Cu2
sites, respectively. An overall R, =2.15% was achieved with
a x2>=4.28 for 83 variables. The I'; magnetic structure is
shown in Fig. 2, with layers of Cul moments canted in the
ac plane arranged ferromagnetically with the Cu2 moments
which are oriented along the ¢ axis. These layers couple
antiferromagnetically with one another, which gives rise to
the bulk antiferromagnetic behavior observed in our low field
magnetic study.

We have also attempted to estimate the magnetic exchange
parameters of the spin model of Cu3Y(SeO;),0,Cl through
first-principles calculations. There are six Cu’* cations in
the unit cell, four on the Cul site labeled 1-4 and two
on the Cu2 labeled 5 and 6 (see Fig. 1). There are three
main magnetic exchange pathways within the buckled kagome
layers of CuszY(SeO;),0,Cl which are denoted J; (between
Cul ions along the a axis), J, (between Cul ions along the b
axis), and J3 (between Cul and Cu2 ions) and are shown
in Fig. 1. These exchange parameters were calculated by
mapping the Heisenberg model to the total energy difference
of four magnetic configurations. The following magnetic
structures were used: ferromagnetic (FM) FM (uuuuuu),
FM_ch (uudduu), antiferromagnetic (AFM) AFM1 (uuuudd),
and AFM2 (udduuu), where “u” and “d” denotes spin-up
and spin-down orientations on the corresponding copper site
(e.g., in the FM_ch configuration the first, second, fifth, and
sixth Cu ions have a spin-up orientation, while the third and
fourth are spin-down). The electronic structure calculations for
these configurations were performed with the pseudopotential
Quantum ESPRESSO code [25]. The exchange correlation
potential was used in the form proposed by Perdew-Burke-
Ernzerhof [26] with a wave function cutoff of 40 Ry. The
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FIG. 9. (Color online) The total and partial density of states as
calculated in the GGA+U approximation for the ferromagnetic (FM)
configuration.

GGA+U approximation was used to take the strong Coulomb
interaction between the Cu sites into account. The Hund’s
rule exchange and Coulomb repulsion were chosen to be
Jy =09 eV and U =7 eV, respectively [27,28]. The unit
cell of CuszY(SeO5),0,Cl contains only one layer of CuQOy4
plaquettes. The lowest total energy in this case corresponds
to a ferromagnetic state with an energy gap of 0.6 eV. Such a
ferromagnetic configuration within one layer corresponds well
with the spin model used to fit the low temperature powder
neutron diffraction data discussed above and shown in Fig. 2.
The total and partial densities of states obtained in the GGA+U
calculation for the FM configuration are shown in Fig. 9. The
top of the valence band and the bottom of the conduction
band are formed by 3d states of copper, which are strongly
hybridized with oxygen 2p states. The Cu®*" ions have a d°
configuration with the one hole in the 3d shell, which is clearly
seen in the spin resolved density of states for Cul and Cu2
ions. The electron density distribution corresponding to the
one hole on a Cu** ion obtained in the GGA+U calculation is
shown in Fig. 10. This orbital has x> — y? symmetry for both
copper sites, and is directed towards the oxide ions within
the plaquettes. The spin moments on Cu were found to be
0.6 g, the slight reduction from the expected values is due to
hybridization effects.

The calculated values of the exchange parameters are given
by J; = 137K (FM), J, = — 43 K(AFM), and J3 =78 K (FM),
respectively. The Curie-Weiss temperature recalculated from
these exchange constants as S(S + 1)J(0)/3 equals 129 K
[where J(0) is the sum of all neighboring exchange interaction
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FIG. 10. (Color online) The electron density distribution around
each Cu?" cation as determined by the GGA-+U calculation. The red
and blue orbitals correspond to Cul and Cu2, respectively. Oxide ions
are shown as black spheres.

parameters]. This reasonably agrees with the corresponding
value extracted from the fit to the high temperature mag-
netic susceptibility data, since the mean-field approximation
typically overestimates the Curie-Weiss temperature 1.5-2
times. The signs of exchange constants also agree with
those estimated from the single crystal magnetic susceptibility
measurements on the related compound Cu3Bi(SeO5),0,Br
[15]. In contrast to Ref. [15], however, which assumes that
Ji~ Ji, we have found here that J; and J; are quite
different. This difference cannot be explained in terms of a
superexchange mechanism since the Cu-O-Cu angles for the
Ji and J; exchange pathways are nearly the same (111.9° and
112.7°). One of the possible explanations for such a behavior
could be the influence of the Se atoms that connect two of

PHYSICAL REVIEW B 90, 214417 (2014)

the Cu(1)O4 plaquettes only. The hybridization with Se 4p
orbitals may effectively change the proportion between FM
and AFM contributions to the total exchange coupling as it
was proposed for CuGeO; [29].

More generally, it is not obvious that such a complex
magnetic system can be well described by a simple Heisenberg
model. In order to check this, we calculated the total energy
of an additional magnetic configuration, AFM3 (uuuuud), and
recalculated the exchange parameters using the FM_ch, AFM,
AFM2, and AFM3 magnetic structures (excluding the FM
configuration). The values of exchange parameters obtained
are identical to the ones presented above, which indicates
the validity of the application of the Heisenberg model for
the description of magnetic properties of Cus3Y(SeO5),0,Cl.
Since the exchange couplings are known to depend on the
values of the Hubbard U parameter [30] the value of U
was varied within a limit of 1 eV and the corresponding
changes in J were within 7% of the original exchange
parameter.

There are three possible interlayer exchange pathways
connecting the buckled kagome layers: J.; (between Cul and
Cul), J.12 (between Cul and Cu2), and J., (between Cu2 and
Cu2). In order to estimate the interlayer exchange energy the
unit cell was doubled along the c axis. The total energy of the
seven different magnetic configurations was calculated within
the GGA+4U approximation. The lowest total energy was
obtained for the spin configuration in which the ferromagnetic
layers are stacked antiferromagnetically with respect to one
another along the c¢ direction, in agreement with the spin
model obtained from the magnetic Rietveld refinement to
low temperature neutron diffraction data discussed above. The
resulting exchange integrals are given by J; = 136 K (FM),
J, = —42 K (AFM), J3 =85 K (FM), J,; = 1.5 K (FM),
Jeiz = —8 K(AFM), and J., = 0.9 K (FM).
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FIG. 11. (Color online) Evolution of ESR spectra of Cu;Y(SeO;),0,Cl in the different temperature ranges: (a) Overall high temperature
range where the superposition of two modes was observed; (b) the temperature range in the vicinity of Néel temperature (60-30 K) highlighting
the disappearance of the L, mode below Ty, dash-dotted lines here represent fitting of the L, resonance mode by Lorentzian profile; (c) low
temperature range showing the behavior of the L; mode below T. Two resonance modes revealed are denoted by the arrows in (b).
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Finally, we turn to a discussion of our ESR study of
Cu3Y(Se03),0,Cl. The temperature evolution of the powder
ESR spectra of CuzY(SeO;),0,Cl is shown in Fig. 11. Over
the whole temperature range studied the ESR powder pattern
is characteristic of Cu®* ions with an anisotropic g tensor,
while the hyperfine structure expected from natural **Cu and
95Cu isotopes (I =3/2) is suppressed, presumably due to the
presence of weak exchange interactions. The anisotropic line
L, is superimposed over the extremely wide background line
L,, which is characterized by a comparable resonance field.
The line L, narrows markedly with decreasing temperature
and grows in amplitude [Fig. 11(a)]. The presence of L, is
most obvious in the temperature range 40-70 K [Fig. 11(b)].
Below 50 K this background line L, rapidly broadens and
eventually disappears at Néel temperature such that it is
no longer detectable at low temperatures [Fig. 11(c)]. The
disappearance of the L, ESR signal at the Néel temperature
is indicative of the opening of a spin gap for the resonance
excitation due to the onset of long range magnetic order.

The complex ESR behavior observed here can be under-
stood by taking into account the presence of two different Cu**
sites in the crystal structure of CuzY(SeO;),0,Cl in addition
to the several different exchanges pathways of different energy
scales, as outlined in the previous section. The different energy
scales of the exchange interaction between the two Cu®™ sites
are clearly visible from the widths of the ESR branches related
to the Cul and Cu2. The internal magnetic fields effectively
suppress the paramagnetic ESR signal from the Cu?2 site at
temperatures below Ty =36.3 K, while the signal from the
Cul remains present even in the low temperature phase. The
persistence of the paramagnetic ESR signal below Ty has
been observed recently in the mixed dimensionalities system
CuP,0O¢ [31] and was explained by the interplay between
different exchange couplings in two different magnetic sub-
systems (1D and 2D) when very weak Cu moments appear
within the 1D subsystem of CuP,QOg. It is worth mentioning
that in contrast to the case of CuzY(SeO;),0,Cl, it was not
possible to resolve the two different crystallographic Cu**
positions in the ESR spectra of CuP,0Og.

A detailed quantitative analysis of the ESR line L, is
complicated due to its extremely large linewidth over almost
the whole temperature range studied. Nevertheless, in order to
get some quantitative estimations for line L, we have fitted the
spectra in the temperature range 40-90 K in accordance with
a single Lorentzian function of the type

dP d [ AB }
— d —
dB ~ dB| AB>+ (B — B,

where P is the power absorbed in the ESR experiment, B is the
applied magnetic field, B, is the resonance field, and AB is
the linewidth. Note that during this analysis we have neglected
the middle part of the spectrum related to another component
L,. The fitted curves are shown by dash-dotted lines in
Fig. 11(b). The effective g factor for line L, was found to be
about g =2.09 % 0.02, while its linewidth exceeds 200 mT at
50 K and markedly increases with increasing temperature.

To evaluate the main ESR parameters of the line L; the
experimental spectra have been fitted by the sum of the three
components corresponding to the principal values of the g
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FIG. 12. (Color online) (a) The ESR spectra (circles) of
Cu;3Y(Se05),0,Cl at 200 K with the fits to the data as described
in the text shown by the lines. The dashed lines show the individual
Lorentzian fit components and the solid line is the sum of all three. (b)
The temperature dependence of principal values of the g tensor. (c)
The temperature dependence of the ESR linewidth for three resolved
components of the ESR spectra.

tensor. A representative fit of the ESR data is given in Fig. 12(a)
with the resolved resonance modes denoted by dashed lines
and their sum is shown by the solid line. The temperature
dependencies of the effective g factor and linewidth derived
from this fitting are shown in Figs. 12(b) and 12(c). The
principal g values of the anisotropic g tensor [Fig. 12(b)]
remain almost constant over the whole temperature range
investigated with average values g; =2.18(4), g» =2.10(6),
and g3 =2.05(9) resulting in g =2.115 £ 0.005, which is
comparable to both the g values reported for the isostruc-
tural compounds Cu3Bi(Se03),0,Br [g =2.04(8)] [16] and
Cu3Bi(Se05),0,Cl (g = 2.16) [32] and consistent with typ-
ical values for Cu®* ions in other copper oxides [33,34].
The slight deviation of the g factors from their high-
temperature values below ~40 K, see Fig. 12(b), is indicative
of the development of internal fields upon approaching the long
range ordered phase. The observed anisotropy may originate
from a sizable spin-orbit coupling A, which mixes orbital ex-
cited states of Cu®>" with their Kramer’s ground state doublet,
and is reflected in measured g-factor shifts of Ag =0.06-0.18
from the free electron value of 2.0023. Second-order pertur-
bation theory yields two exchange anisotropy sources, first an
antisymmetric Dzyaloshinsky-Moriya (DM) type interaction
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D o< (Ag/g)J (linearin A) and second a symmetric anisotropic
exchange (AE) T' o< (Ag/g)?J (quadratic in A). The DM
interaction is usually dominant in Cu-based antiferromagnets,
if allowed by symmetry [35].

Several distinct spin dynamic regimes are observed in the
temperature dependence of the ESR linewidth [Fig. 12(c)].
The linewidths of all three principal components remain
temperature independent at high temperatures (7 > 100 K),
characteristic of the high temperature exchange narrow-
ing regime. Below ~125 K, conspicuous increases in the
linewidths of the AB; and AB, components are observed,
while A Bj starts to increase noticeably below ~80 K. Such
a broadening is usually taken as evidence for the build-
up of short range spin correlations at T < J [36]. The
difference in behavior of AB; and AB; in comparison with
A Bj indicates that the correlations in CuszY(SeO5),0,Cl are
evolving in an anisotropic manner. Typically ESR spectra
tend to broaden monotonically upon lowering temperature
as spin correlations develop, which is observed in many
other Cu’™ based antiferromagnets [37—41]. Nevertheless, the
linewidth observed here for Cu3 Y(SeO3),0,Cl passes through
a maximum in the vicinity of Néel temperature and decreases
smoothly upon lowering the temperature further, which again
may reflect the saturation of the spin correlation length and the
depletion of the spin fluctuation density due to the opening of
a spin gap [42].

It should be noted that both the large linewidth of the
L, mode (and, as a consequence, the partial recording of
the spectrum within certain temperature ranges) and the
anisotropic character of the L; mode impede the precise
double integration of the derivative absorption curves and
leads to noticeable uncertainty in the analysis of the integral
ESR intensity, which is proportional to a number of spins.
For estimation we have used the conventional relation for
the integral intensity Igsg oC Agpsr AB?, where Agsg is the
amplitude of the ESR signal. Since the experimental spectra
of the L; mode were treated as a sum of three components
corresponding to three principal values of g tensor the total
integral ESR intensity can be considered as an average value
from those three components. Figure 13 shows this product in
comparison with the temperature dependence of the magnetic
susceptibility. Apparently the dynamic (ESR) data are in
reasonable agreement with static (PPMS) ones. Both data sets
show a deviation from the Curie-Weiss law at T > 120 K,
which is markedly higher than the ordering temperature to
be indicative of the strong role of short-range correlations
at T > Ty for the present compound. The integral ESR
intensity demonstrates the clear tendency to pass through a
maximum in the vicinity of Néel temperature but after fracture
it begins to increase again with decreasing temperature. One
must also take into account that the integral ESR intensity
(or resonance magnetic susceptibility x S®) cannot be directly
related and compared to the static susceptibility because it
contains both absorption and dispersion contributions (and
static susceptibility is proportional only to the imaginary
term of xFSR). Usually a real part of xER is neglected
assuming the dispersion is very low for the dielectric materials.
However, for strongly correlated spin systems, especially in
the presence of strong short-range correlations, noncollinear
spin configuration, frustration, anisotropy, or lower magnetic
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FIG. 13. (Color online) The integral ESR intensity for the L,
mode (red filled circles) in comparison with static magnetic
susceptibility data.

dimensionality, one may expect an increased role of the
dispersion and occurrence of nondiagonal elements of the
dynamic susceptibility. So the low temperature increase of
Igsr) points to the continuing dynamic processes even in AFM
phase similarly to the case of CuP,0g [31] as described above.

IV. CONCLUSIONS

In conclusion, we have presented a detailed magnetic
and first-principles study of the buckled kagome material
Cu3Y(Se05),0,Cl. CuzY(SeO5),0,Cl undergoes a magnetic
ordering transition at Ty =36.3 K as evidenced by magnetic
susceptibility, magnetization, heat capacity, and low tempera-
ture neutron diffraction experiments. Rietveld analysis of the
low temperature neutron diffraction data revealed that the zero
field magnetic structure is described by a canted ferrimagnetic
orientation of the Cu’* spins within the buckled kagome layers
with an antiferromagnetic stacking between the layers along
the ¢ axis. First-principles calculations have allowed for the
estimation of both the intraplane and interplane exchange
interactions, which are in excellent agreement with our spin
model determined from neutron diffraction. The ESR study
reveal the presence of two resonance modes corresponding
to two different crystallographic Cu positions, which are
characterized by almost temperature independent behavior.
The principal g values of the g tensor of Cul sites were found
to be g1 =2.18(4), g2 =2.10(6), and g3 =2.05(9), while the
effective g factor of Cu2 sites is almost isotropic and is on
average g =2.09(5). At low temperatures, CusY(SeO;),0,Cl
undergoes a metamagnetic transition with a critical field
Bc=2.6"T at 2 K due to the suppression of the interplane
exchange interactions. The relatively weak nature of the
interplane coupling results in a low critical field strength
while the competition between different intraplane exchange
interactions leads to a low saturation field of By, < 8 T. Our
study suggests that this unusual metamagnetic transition is
an inherent property of the francisite family and emphasizes
the power one has to extend our understanding of the rich
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and fascinating physics of this group of materials by simple
chemical substitutions.
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