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We present results of electron paramagnetic resonance (EPR) and neutron diffraction studies of
CuClz-2NC5Hs, which is regarded as one of the best known uniform spin-1/2 Heisenberg antiferro-
magnet chain systems. We revealed that at Tn = 1.12 K CuClz-2NCsHs undergoes the transition
into the magnetically ordered spiral state with @ = (0.5, 0.4, 0.5) r.l.u.. It was shown that the zig-
zag interchain interactions result in a noticeable geometrical frustration, also affecting the ordered
moment per Cu?>* and EPR properties, including the angular dependence of the linewidth. The
temperature dependencies of the EPR parameters are discussed.

PACS numbers: 75.10.Jm, 75.50.Ee, 76.30.-v, 75.30.Et

Quantum fluctuations can be significantly enhanced in
low-dimensional spin magnets, making these systems an
ideal ground for testing various theoretical concepts of
quantum magnetism [1]. An isotropic spin-1/2 Heisen-
berg antiferromagnetic (AF) chain with uniform nearest-
neighbor exchange coupling represents one of such para-
digm models. In zero field, its ground state is a spin sing-
let, and the spin dynamics is determined by a gapless two-
particle continuum of spin-1/2 excitations, commonly re-
ferred to as spinons. The spinon excitation spectrum
can be calculated using the Bethe ansatz [2]. Since the
spin-1/2 chain is critical, even a small perturbation can
considerably change fundamental properties of the sy-
stem, including its spin dynamics. For instance, the pre-
sence of alternating (staggered) Dzyaloshinskii-Moriya
(DM) interaction may result in a field-induced energy
gap A ~ H?/3 (H is the applied magnetic field) [3, 4],
while the excitation spectrum is formed by sine-Gordon
solitons and their bound states, breathers [5-10]. The
presence of such excitations has been conclusively re-
vealed by means of high-field electron spin resonance
spectroscopy [11, 12]. The staggered DM interaction was
also found responsible for a minimum in the gap at the
soliton-magnon crossover in the vicinity of the magneti-
zation saturation field [13].

Cu(py)2Cly (chemical formula CuCly-2NC5Hs) is one
of the first known and extensively studied S = 1/2 Hei-
senberg AF chain systems [14-27]. Despite of the long
history, the system still continues to attract a lot of at-
tention. In this work, we focus on the low-energy spin
dynamics and low-temperature magnetic structure of
Cu(py)2Cly employing electron paramagnetic resonance
(EPR) and neutron diffraction techniques.

FIG. 1: Schematic view of the Cu(py)2Cla crystal structure.
The Cu, CI, N, and C atoms are shown in yellow, green, cyan,
and gray, respectively. The hydrogen atoms are not shown for
simplicity. A and B denote the two different Cu®" sites (for
details see the text).

Cu(py)2Cly belongs to the monoclinic P2;/n space
group with parameters ¢ = 16.967 A, b = 8.559 A,
¢ = 3847 A, and B = 91.98° and two formula units
(Z = 2) per cell [14, 16, 22]. Schematically its cry-



stal structure is shown in Fig. 1. The unit cell contains
two magnetic Cu?* ions (labeled as A and B, Fig. 1)
with coordinates (0, 0, 0) and (1/2, 1/2, 1/2); Cu?*
chains are running along the ¢ direction. The compound
is characterized by the intrachain exchange interaction
J/kp = 27.3 K and a small interchain interaction of
about 0.56 K [26]. At Tv = 1.12 K [18, 26], the system
undergoes the transition into the 3-dimensional (3D) or-
dered state.
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FIG. 2: Schematic front and side views of the EPR probe.

The Cu(py)2Cls single crystals were grown from so-
lution by a slow evaporation method at the ETH
Ziirich [26]. For our EPR experiments, samples of 2 mm?
typical sizes were used. The spectra were measured em-
ploying X-band Bruker Elexsys E500 EPR spectrome-
ter at a frequency of 9.4 GHz. Angular dependences
were measured with an accuracy better than £1°. The
spectrometer was equipped with an Oxford Instruments
helium-4 flow-type cryostat (model ESR900) with a lo-
west accessible temperature of 2 K. For accurate tem-
perature measurements, a special EPR probe has been
designed and built (Fig. 2). The probe is made out of
a quartz tube with 1 mm inner and 4 mm outer diame-
ters. A temperature sensor (LakeShore bare chip Cer-
nox resistor, model CX-1050-BC-HT) is installed on a
flat platform at the bottom of the probe. The tempera-
ture is measured by means of four-points scheme using a
LakeShore 340 bridge. The sample was mounted on the
platform using Apiezon-N vacuum grease, having a direct
thermal contact with the temperature sensor. No signifi-
cant parasitic contribution to the EPR spectra from the
probe (or cavity damping) due to the installed tempera-
ture sensor was observed.

The neutron-diffraction measurements were performed

using the four-circle diffractometer D10 at the Institute
Laue-Langevin (Grenoble, France). The neutron wave-
length A = 2.367 A was provided by a pyrolytic grap-
hite (PG) monochromator. Two different data sets have
been collected in two different configurations. The first
one, collected with a multidetector, aimed at refining the
crystal structure at low temperature. The second one,
optimized for background reduction, was collected with
a single detector and a PG analyzer. It was used for the
magnetic-structure determination. The data collections
have been performed using a dilution refrigerator with a
base temperature of 7' = 100 mK.

The temperature dependence of the EPR spectra was
measured for H || o*, H || b, and H || ¢, from
300 down to 2 K. A single resonance line was observed
for all sample orientations. Examples of EPR spectra,
obtained for H || b at some selected temperatures are
shown in Fig. 3. The spectra could be well described
using a Lorentzian fit function; from the fit results the
linewidth (full width at half maximum, FWHM) and re-
sonance field were extracted. For the room temperature,
the g factors and linewidths, AH, are listed in Table I.

T T T T

-~ ek

dl/dB (arb. units)

0318 0320 0322 0324 0326
Field (T)

FIG. 3: Examples of EPR spectra of Cu(py)2Clz, measured
with magnetic field H || b at 2, 5, 11, 21, 30, and 60 K. Data
are offset for clarity.

‘ H| a* H|b Hlec
g 2.0964(3)  2.0868(3)  2.1938(3)
AH, mT 1.56 1.43 1.94

TABLE I: Room temperature parameters of the EPR, absorp-
tion lines taken for all three orientations of magnetic field.

The linewidth vs. temperature diagrams for H | a*,
H || b,and H | c are shown in Fig. 4. The measure-
ments revealed similar behavior of the EPR linewidth for



all three magnetic field directions. The linewidths decre-
ase gradually starting at room temperature, with a much
steeper slope below about T' ~ J/kg = 27.3 K, dropping
down to its minimum at 7% ~ 7 K. With further decre-
asing temperature, short-range 3D correlations becomes
significant, leading to a low-temperature line-broadening
approaching Ty = 1.12 K (Fig. 4). The enhancement
of the 3D correlations results also in a pronounced low-
temperature change of the resonance field (Fig. 5).
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FIG. 4: Temperature dependence of the EPR linewidth. The
red, green, and blue symbols correspond to data for H || a*,
H || b,and H || ¢, respectively. The dashed lines represent
linear fits using Eq. (1) in the range T* < T' < J/kp (see the
text for details).
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FIG. 5: Temperature dependence of the effective g factors.
The red circles, green triangles and blue diamonds represent
data for H || a*, H || b, and H || ¢, respectively. Lines
are guides to the eye.

Now we focus on the temperature range T < T <
J/kp. At these temperatures magnetic properties of
Cu(py)2Cly are determined by short-range correlations

within the chains. Strictly speaking, at T'= 0 K the EPR
response of an ideal uniform spin-1/2 Heisenberg chain
system with magnetically isotropic interactions should
be a single absorption peak with zero linewidth. On the
other hand, in the presence of magnetic anisotropy spin-
spin correlations result in a broadening of the EPR line.
According to the low-temperature EPR theory [28-31]
for spin-1/2 Heisenberg AF chains, the EPR linewidth is
given as

AH = AHy + na® \°T, (1)

where n = 2 or 4 for magnetic fields applied perpendi-
cular or parallel to the direction of the anisotropy axis,
respectively, AHy is an offset, A ~ §/J for §/J < 1, and
0 is the anisotropy parameter. Thus, from the slope of
the linewidth vs. temperature we estimated 6 and AHy
for each direction of magnetic field. The found values are
listed in Table II. As one can see, the anisotropy parame-
ters are in the range of several mK and can result from
tiny dipole-dipole interactions present in this compound.
Thus, above T, Cu(py)2Cls can be regarded as a very
good realization of an isotropic spin-1/2 Heisenberg AF
chain system.

H | a* H|b H| ¢
AHy, mT 0.3 0.23 0.26
5, mK 11 10 15

TABLE II: A list of the parameters, extracted from the fit of
EPR linewidth temperature dependence [Fig. 4] using Eq. (1).

The EPR angular dependence was measured at two
temperatures, 300 and 10 K (sample was rotated around
the ¢ axis, while the magnetic field was applied in the
a*b plane). The corresponding angular dependences of
the g factor and EPR linewidth are shown in Fig. 6 and
Fig. 7, respectively.

As mentioned above, Cu(py)2Cls contains two magne-
tic sites, A and B (Fig. 1), contributing to the single EPR,
absorption with g factor

1
g= g(gA +9B),

where g4 and gp are the effective g factors for the sites
A and B, respectively. On the other hand, g4 and gp
can be defined as

gh = 9,24,“ cos’(0+ &) + g% 1 sin®(0 + ¢) (2)
and
9% = g5 cos* (0 + ) + gp  sin®(0+9),  (3)

respectively (¢ and 1) are the effective angles, accounting
for the tilting of the anisotropy axis from the a* axis
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FIG. 6: Angular dependence of the g factor measured at 300
and 10 K. The sample was rotated around the ¢ axis. The
magnetic field was applied in the a*b plane. The rotation
angle 0 is defined as 0° for H || b and, hence, is § = 90° for
H || a". The red circles and blue triangles represent data,
obtained at 300 and 10 K, respectively. The dashed lines show
the fit results using Eq. (4).
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FIG. 7: Angular dependence of the EPR linewidth, measured
at 300 and 10 K. The sample was rotated around the ¢ axis.
The magnetic field was applied in the a*b plane. Symbols
represent experimental data, and the dashed lines represent
the fit results using Eq. (5).

for each individual site). Assuming that both sites are
identical and differ only by their orientation with respect
to the unit-cell axes, one can write

1
g = 5\/gﬁ cos?(0 + ¢) + g% sin?(0 + ¢)+

+%\/gﬁ cos?(0 + 1) + g3 sin®(0 + v). (4)

Thus, fitting the angular dependence of the g factor with
Eq. (4), we extract g and g, . The fit results are shown

in Fig. 6 by dashed lines and g factors are given in the
Table III.

Now let us turn to the angular dependencies of the li-
newidth. For both temperatures, there are two maxima,
at 6 ~ 50° and ~ 135°, which correspond to the situation
when the magnetic field is applied in the basal plane for-
med by CI~ ligands for one Cu?* site and perpendicular
to that for another one [Fig. 1a]. This observation is very
remarkable and suggests that the frustrated zigzag inter-
chain coupling might play an important role, resulting
(as we show below) in a non-collinear magnetic structure
below T.

We were unable to resolve two expected EPR lines from
the different Cu?t sites. To comment on that, let us
analyze the angular dependence of the linewidth. Similar
to that in Ref. [32], the EPR linewidth behavior can be
described as

AH = AH(‘ ain - )
chain T+ 1 heon,

PERY 2
1(9a —gB)*upH (5)

where wp is the interchain hopping frequency, and
AH poin = AH; + AH,sin(0) (AH; and AH, are the
isotropic and anisotropic parts of the linewidth, respecti-
vely), ga and gp are defined by Egs. (2) and (3), and
H is the resonance field. The results of the fit are shown
in Fig. 7 by dashed lines (the fitting revealed wj, = 13.5
and 4.1 GHz for 300 and 10 K, respectively, and other
fitting parameters are given in the Table III). For both
temperatures |(ga — gg)|psH/hwy < 1, i.e., the system
is in the fast fluctuation regime [33]. This explains the
absence of an EPR line splitting on this frequency scale.

300 K 2 K

qi 2.072(1)  2.065(1)

' 2.115(1)  2.103(1)
H, mT 322 322
AH;, mT 1.41 0.34
AH,, mT 0.13 0.09
®, ° 42.7 70.6

Y, ° —42.7 —65.9
wh, GHz 13.5 4.1

TABLE III: A list of the parameters used for the fitting of the
EPR linewidth angular dependence [Fig. 7], using Eq. (5).

The neutron-diffraction investigation of the magnetic
structure has led to an unexpected discovery. Below
Ty = 1.12 K, the material is 3D magnetically ordered
with an incommensurate magnetic structure. The obser-
ved magnetic-structure propagation vector is Q = £(0.5,



35 x10(|)0 . . — x1000 (0.5,0.4,0.5)
[2] se s =
S T=100 mK .30 TN 112K
8 30t ’
= 20
g 251 -
2 o 05 70 15 20
E’ 20+ Temperature (K)
=
()]
£ 150
2
3

10 -1.0 -0.5 0.0 0.5 1.0

(0.5,K, 0.5) (r. I. u.)

m=0.31(1)ug
Q

FIG. 8: Top panel: Neutron-diffraction data measured on a
single crystal of Cu(py)2Clz with the D10 instrument. The
main panel shows the low-temperature scattering intensity
(normalized per neutron flux and counting time), as a function
of the momentum in the (0.5, K, 0.5) direction (points) to-
gether with a fit by use of a set of Gaussian peaks (solid line).
The inset shows the temperature dependence of the scattering
intensity at the magnetic Bragg reflection at (0.5, 0.4, 0.5).
The solid line around Ty is a guide to the eye. Bottom panel:
Spin structure of Cu(py)2Cls ordered phase, determined from
the diffraction measurements.

0.4, 0.5) r.L.u.; representative magnetic Bragg peaks and
the temperature dependence of one corresponding Bragg-
peak intensity are shown in the top panel of Fig. 8.
The structure was solved using 44 magnetic reflections
at base temperature of 100 mK, with the scale factors
and extinction coefficients obtained from nuclear-peak
refinement. We found a helicoidal spin arrangement
with the rotation plane perpendicular to the chain di-
rection (which is the a*b plane) [34]. This structure is
shown in the bottom panel of Fig. 8. The ordered mo-
ment per Cu?* site is found to be significantly reduced,
m = 0.31(1)up. Nonetheless, we should stress that this
value is still twice as large as the mean-field theory-based
expectation [26]. This discrepancy is not surprising, as
the previously used mean-field theory is not appropri-
ate in the presence of frustration, which, as the new
data show, is an essential ingredient in the magnetism
of Cu(py)2Cla.

The non-collinear magnetic structure in Cu(py)2Cly
stems from the presence of the A and B positions of Cu?™

ions, linked by a half-period screw translation. This re-
sults in a semi-body-centered arrangement of magnetic
moments within a structural unit cell, with frustrating di-
agonal interactions between them. The possible exchange
interactions in Cu(py)2Cly are summarized in Fig. 9(a).
The most essential is the intrachain exchange interaction
J, which is sufficient to describe the thermodynamics and
high-energy spectral properties [17, 18, 20]. In addition
to the primary exchange interaction, there are two non-
frustrating interchain interactions .J, and J,. These in-
teractions couple the spins between the A-A or B-B type
chains.

Finally, there are frustrating diagonal interactions be-
tween the A and B sublattices. The space group P2;/n
differentiates two types of such diagonal couplings, which
we denote as J} 5 and J35. One may expect J} 5 to be
somewhat stronger within this pair, as the corresponding
distance between the ions is about 1% shorter than for
J% 5. We believe this inequality together with the special
geometric pattern to be the key for understanding the pe-
culiar spiral ground state. As the minimal toy model for
interchain coupling one can consider only J} 5 and J,, as
shown in Fig. 9(b). Then the triangular layers are for-
med in the diagonal planes, with exchange J;, in the base
of a triangle and J) 5 along the sides [Fig. 9(c)]. Then
the 2D propagation vector within this plane is given by
cos (Q'-b) = J}z/2Js, being incommensurate only al-
ong the b direction. Note, that this incommensurability
stems exclusively from the competition of two weak ex-
change interactions and does not involve the intrachain
exchange interaction J. This is the reason for relatively
large pitch angle of 108° between the A and B chain
sublattices. At the same time, the strong intrachain in-
teraction J promotes the antiparallel spin arrangement
along c axis, eventually leading to the 3D ordering wa-
vevector Q = (0.5, Q% ., 0.5), as observed experimen-
tally. While this toy model captures the incommensurate
ground state qualitatively, additional DFT calculations
would be desirable to establish the actual hierarchy of
the relevant magnetic interactions and allows for a quan-
titative description.

In addition to revealing the frustrated nature of the
interchain interactions, the observation of the incom-
mensurate order also calls for revisiting the antiferro-
magnetic resonance below Ty, reported by Okuda and
Kadowaki [24]. The antiferromagnetic resonance in spi-
ral structures is known to be rather different from simple
collinear cases (see e.g. [35]). The low magnitude of the
ordered moment also stresses the importance of quantum
fluctuations even far below T and hints to the possibi-
lity of observing characteristic 1D features at energies
exceeding the interchain coupling [36].

In conclusion, we presented systematic EPR and
neutron-diffraction studies of the spin-1/2 Heisenberg AF
chain compound Cu(py)2Clz. Our EPR studies revealed
a very small magnetic anisotropy (§ ~ 0.04—0.06% of J).



FIG. 9: (a) Most general Heisenberg exchange scheme of
Cu(py)2Clz. (b) Minimalistic model required to qualitatively
capture the ground state. (c) Projection of a single triangular-
lattice layer, as shown in panel (b).

The angular dependence of the EPR linewidth strongly
suggests an important role of the interchain geometrical
frustration, being a reason of the helical magnetic struc-
ture observed below Ty .
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