Low Temperature Physics/Fizika Nizkikh Temperatur, 2017, v. 43, No. 11, pp. 1642-1646

EPR studies of the triangular-lattice antiferromagnet
Cs,CuBry
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The spin dynamics of the spin-1/2 triangular-lattice antiferromagnet Cs,CuBry4 is probed by means of high-
frequency electron paramagnetic resonance (EPR) spectroscopy. Temperature dependences of EPR parameters
are studied in a broad temperature range between 1.4 and 200 K for different orientations of the applied magnetic
field. In the high-temperature regime (T >> J/kg), an unusually broad and anisotropic resonance line is detected,
suggesting a sizeable Dzyaloshinskii—-Moriya interaction. Employing the theory of exchange narrowing, the ratio
of the Dzyaloshinskii—-Moriya vector components, D/D4 ~ 0.3, is estimated.

PACS: 75.50.Ee Antiferromagnetics;

76.30.—v Electron paramagnetic resonance and relaxation;
76.50.+g Ferromagnetic, antiferromagnetic, and ferrimagnetic resonances; spin-wave resonance.

Keywords: antiferromagnet, EPR, Dzyaloshinskii—-Moriya interaction.

A spin-1/2 Heisenberg antiferromagnet (AF) on a trian-
gular lattice is one of the best model systems to probe ef-
fects of quantum fluctuation and frustrations in strongly
correlated spin systems, exhibiting unusual ground-state
properties and a rich excitation spectrum. It was suggested,
that quantum fluctuations can be strong enough to destroy
the classical 120° order in triangular-lattice spin-1/2 Hei-
senberg AFs [1], resulting in a two-dimensional (2D) spin
liquid with the excitation spectrum formed by fractional-
ized quasiparticles, spinons. Although the existence of
such a 2D spin liquid has been predicted more than four
decades ago, theoretical identification and experimental
detection of this state of matter has proved challenging.

In general, the Hamiltonian of a spin-1/2 systems with a
triangular lattice in zero field is given by

H=3)S-Sj+3" > S;-Sj+Hj, €N
) (.39

where §;, S;, and S are spin-1/2 operators at sites i, j,
and j', respectively, J and J’ are the exchange-coupling
parameters along the horizontal and zigzag bonds [Fig.
1(a)], respectively, and Hg represents various possible
small anisotropic contributions. Depending on the J'/J
ratio, theory [2-7] predicts a rich variety of magnetic struc-

tures, ranging from the 1D collinear phase to an incom-
mensurate triangular order.

The spin-1/2 triangular-lattice AFs CspCuCls and
CspCuBrg are among the most intensively studied repre-
sentatives of this class of low-D frustrated materials. These
two materials have many common properties. Both have a
slightly distorted layered arrangement of cu® ions in a
triangular pattern [Fig. 1(b)]. The materials are character-
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Fig. 1. (Color online) Schematic picture of exchange paths in
Cs,CuBry in the bc plane (a). Schematic view of the crystal
structure of Cs,CuBry4 in the bc plane. The cu?* ions form
the triangular lattice. Red circles represent copper ions, while
green and blue circles represent cesium and bromine ions,
respectively (b).
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ized by the same scale of in-plane spin interactions,
Jikg =4.7 K, J'1J =03 and J/kg =149 K, J'/J =0.41
for Cs,CuCly and CspCuBry, respectively [8,9]. Due to
finite interplane interactions, Cs,CuCls and CspCuBr4 un-
dergo transitions into magnetically ordered incommensu-
rate states, at Ty, = 0.62 and 1.4 K, respectively [10,11]. In
spite of these (and many other) similarities, the magnetic
properties of CspCuBr4 appear much richer, including 1/3
and 2/3 saturation magnetization plateaus [12] and a num-
ber of additional (still unidentified) field-induced phase
transitions [13]. Most importantly, the observation of a
relatively large zero-field energy gap, A ~0.7J, in the ex-
citation spectrum of CspCuBr4 [9,14] appears to be incon-
sistent with the 1D scenario, proposed for Cs,CuCly
[15,16]. One of the critical issues is to clarify the reason
for such a big difference of the magnetic properties of the-
se two frustrated materials.

Electron paramagnetic resonance (EPR, also known as
electron spin resonance, ESR) spectroscopy is recognized
as a very powerful tool to probe the anisotropy of magnetic
interactions in strongly correlated spin systems. Recently
performed EPR studies of Cs,CuCly [17] provided the im-
portant information on the magnetic anisotropy in this ma-
terial. It was shown that the main source of the high-
temperature EPR line broadening is the Dzyaloshinskii—
Moriya (DM) interaction. Employing a high-temperature
approximation, the vector components of the DM interac-
tion, D, = 0.33 Kand D, = 0.36 K, were determined from
the EPR angular dependence in the ac plane.

CspCuBry realizes a distorted triangular lattice with
orthorhombic crystal structure (space group Pnma)
and the room-temperature lattice parameters a =10.195 A,
b=7.965 A, ¢=12.936 A, and Z = 4 (the number of for-
mula units per unit cell) [18]. High-quality single crystals
of CspCuBry were grown by slow evaporation of aqueous
solutions of CsBr and CuBry similar as described in [18].
Due to a relatively broad line, no resonance absorption was
detected using the standard X-band EPR spectrometer. The
EPR measurements were performed employing a high-fre-
quency transmission-type spectrometer equipped with a
16 T superconducting magnet, similar to that described in
Ref. 19. A VDI modular transmitter (product of Virginia
Diodes Inc., USA) was used as a mm-wave radiation
source. The EPR measurements were performed at tem-
peratures down to 1.4 K.

The temperature dependences of the EPR linewidth
and effective g factors measured at a frequency of 312
GHz for three field orientations are shown in Figs. 2 and 3,
respectively. One can see that the linewidth and g factor
do not show any significant temperature dependence
down to approximately 40-50 K. Below this temperature,
the EPR field shifts and line broadening is observed.
Such a behavior is an indication of the combined effect of
exchange and anisotropic spin-spin interactions. At ap-
proximately 14 K, the EPR line splits (the splitting was
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Fig. 2. (Color online) Temperature dependence of the EPR
linewidths measured at 312 GHz. The data for H ||a,b and c are
labeled by squares, circles, and triangles, respectively. The lines
are guides for the eye.

observed for H || a, c; some selected spectra for H || a are
shown in Fig. 4), eventually opening a gap, A ~9.5 K, in
the excitation spectrum [9,14]. From comparison to results
of harmonic spin-wave theory calculations for the spin-1/2
triangular AF model (with parameters as defined in Ref. 9)
the observed gapped mode was identified as a magnetic
excitation at the Brillouin zone boundary, which is observ-
able in Cs,CuBry due to the staggered DM interaction [14].

Above approximately 50 K, the system is in the high-
temperature regime (T >>J/kg). Remarkably, the EPR
linewidth is almost constant at least up to 200 K, suggest-
ing that the phonon-assisted spin-lattice broadening (which
should be proportional to the temperature) is not relevant.
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Fig. 3. (Color online) Temperature dependence of the effective
g factor measured at 312 GHz. The data for H ||a, b and c are
labeled by squares, circles, and triangles, respectively. Note that
data for H | a, ¢ are shown only down to 14 K (below this tem-
perature the EPR lines split). The lines are guides for the eye.
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Fig. 4. (Color online) Selected EPR spectra measured at 312 GHz
at different temperatures, H ||a. Resonance absorption maxima
are denoted by arrows.

Three spectra obtained at a frequency of 285 GHz for dif-
ferent field orientations (T = 135 K) are shown in Fig. 5.
The spectra were fit using the Lorentzian line shape, re-
vealing g, = 2.17(2), g9y = 2.10(2), g, = 2.22(2) and EPR
full widths at half maximum (FWHM) AH, =1.75(1) T,
AHp =0.60(1) T, AH,=1.003) T for H | a, b, and c,
respectively. It is important to mention, that contrary to
many other spin-1/2 exchange-coupled spin systems with
spin interactions of the same order of magnitude [20-23],
the high-temperature EPR line in CspCuBry is up to two
orders of magnitude broader (for comparison, the EPR
linewidth in the isostructural compound Cs,CuCls measured
at T =100 K is ~0.02-0.03 T [17], which is about 50 times
smaller than the EPR linewidth in CspCuBry). Let us discuss
possible contributions, which affect the EPR linewidth.

(i) Following the conventional estimates [24] and as-
suming that the distance between neighboring cu?* ions
is ~8 A, the contribution to the dipole-dipole interaction
appears to be negligibly small (~1 Oe).

(ii) The anisotropic Zeeman contribution can be calcu-
lated using the equation [25]

2 2

_[Ag ) 9ppHres
AH,, =| 29 | SHBTres 2
AZ [ g j 02 O]

where Ag = g¢ — gy, § = ¢, and (3%) :%(J2 +2J3?) or

(J) =10 K. As result, one obtains AH 7 = 0.04 T, which
is much smaller than the measured EPR linewidth.

(iii) Rough estimates of two remaining major contri-
butions to the EPR linewidth, the antisymmetric DM
interaction and symmetric anisotropic interaction, give
Do (Ag/g)(Jy=1.65 K and E o (Ag/g)>(J)=0.2 K,
respectively [26]. Based on that, the DM interaction can be
regarded as the main reason of the broad anisotropic EPR
line observed in our experiments.
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Fig. 5. (Color online) EPR spectra measured at 285 GHz, T = 135 K|
with magnetic field applied along the three different crystallo-
graphic axes. The dashed lines are Lorentzian fit results.

Figure 6 shows the angular dependence of the EPR
linewidth with magnetic field applied in the ac plane, ob-
tained at 312 GHz and T = 80 K.

If the EPR line is of Lorentzian shape, the FWHM AH
can be calculated employing the theory of exchange nar-

rowing [27] as
M3 1/2
AH =2C {—2] , ©)
M

4

where M, and M, are the second and fourth moment, C is
a dimensionless constant, C = n/~/2 [17]. Following the
approach from Ref. 17, 27, the FWHM can be written as
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Fig. 6. (Color online) Angular dependence of the EPR linewidth
with magnetic field applied in the ac plane, obtained at 312 GHz,
T =80 K. 0° corresponds to H ||a, while £90° correspond to
H || c. The line is a guide for the eye.
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Here, kg is the Boltzmann constant, ug is the Bohr mag-
neton, and

D?(a,B) :D§(1+sinzﬁcosza)+DC2(1+00525)+ -

+D, D, cosasin 2,

where D, and D, are the DM vector components along
the a and c axes, respectively. The angles o and B are
defined by

A C
C0SOL = ——=, COSP=——oo-,
VA2 1+ B? VA? +B2+C?
A= 0,,SINOCOSQ+ gyp SINOSINQ + g, COSH, (6)

B = g¢a SINOCOS @ + gy SIN OSIN @+ g COSH.
C = gpa SINOCOSQ + g SN OSIN @ + gy COSH,

Here, ¢ denotes the azimuthal angle counted from the a
axis and 6 denotes the polar angle counted from the ¢ axis.

Taking into account that the magnetic field is applied in
the ac plane (the DM interaction is not allowed along the
b axis), we can neglect contributions to the moments for
¢=0. Our analysis provides D, =(4.7£0.5) K and
D, = (1.6£0.3) K for the DM components along the a and
c axes, respectively. These numbers appear to be too big,
compared to (J) =10 K, questioning the validity of the
used approach for compounds with a substantial DM interac-
tion. Nevertheless, the approach can be employed for estima-
tion of the D./D, ratio. In our calculations, we neglect off-
diagonal elements of the g tensor; the corresponding error
due to each off-diagonal element does not exceed ~10%.
Based on these considerations, the ratio D./D, can be
written as

1/2
AHg _[ M3(9=0°,0=0")/My(¢=0",0=0°) o
AHy (M3(9=0°,6=90")/M,(9=0",6=90°)

Using the function D? as introduced in (5) and keeping
¢ = 0° fixed leads to

M3(0=0)/Mu(0=0°) | _( D*(0=0°) 2:
M3(0=90")/M,(6=90) D?(0=90°)

2
_(2D%+D?
2D2+DZ )
we obtain D, /D, = 0.3(1).

In conclusion, we performed high-frequency EPR stud-
ies of the spin-1/2 triangular-lattice antiferromagnet
CspCuBry. In the high-temperature regime (T >> J/kg), a
very broad and anisotropic resonance line was detected,
suggesting the presence of a sizeable DM interaction. Em-
ploying the EPR exchange narrowing theory, the ratio of
the DM vector components, D,/D, = 0.3, was estimated.
Our studies strongly suggest that the effect of the DM in-

(®)
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teraction is essential and needs to be taken into account,
when explaining the cascade of the field-induced transi-
tions and other unusual magnetic properties revealed in
CsoCuBry4 at low temperatures.
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