
PHYSICAL REVIEW B 88, 104413 (2013)

S = 2 quasi-one-dimensional spin waves in CrCl2
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We examine the magnetic excitation spectrum in the S = 2 Heisenberg antiferromagnet CrCl2. Inelastic neutron
scattering measurements on powder samples are able to determine the significant exchange interactions in this
system. A large anisotropy gap is observed in the spectrum below the Néel temperature and the ratio of the two
largest exchange constants is Jc/Jb = 9.1 ± 2.2. However, no sign of a gapped quantum spin liquid excitation
was found in the paramagnetic phase.
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I. INTRODUCTION

Haldane’s 1983 conjecture of massive excitations from a
disordered ground state in 1D Heisenberg integer spin, S,
antiferromagnets spurred experimental physics into action.1,2

In addition to analytic and numerical calculations, the spectra
and thermodynamic signatures of experimental systems were
pursued with rigor.3–8 The magnetic excitation spectrum with
a spin-gap of � ≈ 0.41J ,9 where J is the nearest-neighbor ex-
change constant, has also been clearly observed using inelastic
neutron scattering techniques for several systems.10–12 While
S = 1, one-dimensional antiferromagnets have made up the
core of such studies; S > 1 integer spin compounds have not
been as forthcoming.

The spin-gap for S = 2 has been calculated to be approx-
imately � ≈ 0.087J .13,14 This reduced energy scale makes
experimental studies of the physics associated with the
disordered ground state difficult. Furthermore, the disordered
gapped phase (i.e., Haldane phase) portion of the phase dia-
gram as a function of Ising and single-ion anisotropy becomes
smaller and smaller as the spin quanta increases.13 This further
limits the possibility of experimental systems supporting an
Haldane phase for S > 1. The S = 2 quasi-one-dimensional
antiferromagnet CsCrCl3, with an ordering temperature of
TN ≈ 16 K, has been examined;15 however, measurements
in the disordered phase (T > TN ) imply the system is not in
the Haldane phase.16,17 There are only several other systems
examined in terms of quasi-one-dimensional S = 2 chains,
including MnCl3(bipy),18,19 α−NaMnO2,20 FePb4Sb6S14,21,22

and catena-MnF(salen).23

There has been great success in probing quantum fluc-
tuations associated with quasi-one-dimensional connectivity
in real-world experimental systems that ultimately order
magnetically.24–28 Further motivated by the general lack
of S = 2 quasi-one-dimensional antiferromagnets and the
potential to directly measure the excitation spectrum of a
Haldane gap phase for S = 2, we have chosen to examine
CrCl2. This system has previously been proposed to be an
S = 2 low-dimensional antiferromagnet.29,30 Although initial
characterization was made some time ago, no spectroscopic
investigations have been performed until now. Magnetic
susceptibility measurements have considered CrCl2 to be
a S = 2 antiferromagnetic (AFM) chain with J = 19 K
(1.6 meV) with TN ≈ 20 K.29,31 The fact that this system
exhibits magnetic order immediately invalidates the possibility
of a low-temperature disordered magnetic ground state, and

therefore any gap in the excitation spectrum for T < TN

would not be a so-called Haldane gap. Above TN , the ground
state is disordered and may be highly influenced by quantum
fluctuations associated with any one- or two-dimensional
magnetic interactions. It is very difficult, however, to determine
the exchange connectivity conclusively from thermodynamic
measurements alone. We examine the potential quasi-1D,
S = 2 antiferromagnet CrCl2 using inelastic neutron scatter-
ing measurements. Through a comparison of the measured
spectra to linear spin-wave theory, we are able to deduce the
significant exchange couplings and single ion anisotropy in
this compound. From these measurements, we conclude that
the system is better described by a classical spin wave model.

Recent density functional theory calculations predict that
CrCl2 is a quasi-1D Heisenberg antiferromagnet with the
greatest exchange along the c axis between the Cr2+ sites.30

Including onsite Coulomb repulsion in these calculations
yields a 1D exchange of J = 19.2 K with a net ferromagnetic
interchain exchange of J ′ = −2.92 K, very similar to the
values found in analysis of the magnetic susceptibility data.
The nuclear structure of CrCl2 (orthorhombic Pnnm) is shown
in Fig. 1.32–34 Room temperature lattice constants are reported
as a = 6.64(1), b = 5.98(1), and c = 3.48(1) Å,32,35 making
the nearest-neighbor Cr-Cr distance 3.48(1) Å along the c axis.
The Cr ions reside in the center of a distorted octahedron of Cl
ions as shown in Fig. 1. The Cr2+ ions are coplanar with the
four Cl ions, which make up the base of the bipyrimids of the
octahedron. These planes are in turn coplanar with neighbors
along the c axis. Early neutron diffraction measurements found
TN ≈ 20 K with a doubling of the b and c axes in the ordered
antiferromagnetic phase where the ordered moments point
parallel to the long Cr-Cl bonds of the octahedra.33 Figure 1
illustrates the periodicity of the ordered moments in the crystal
structure.

II. EXPERIMENTAL METHODS

Inelastic neutron scattering measurements were performed
on a sample of approximately 5 g of CrCl2 powder (Alfa Aesar
99.9%) in a cylindrical aluminum sample can with helium
exchange gas. Sample loading took place within a helium
glove box to reduce any contamination with atmospheric water.
CrCl2 is very hygroscopic.32 Neutron scattering measurements
were performed using the ARCS,36 SEQUOIA,37 and CNCS38

direct geometry chopper spectrometers at the Spallation Neu-
tron Source at the Oak Ridge National Laboratory. The sample
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FIG. 1. Nuclear and magnetic structure of CrCl2.32,33 Open circles
represent Cr atomic sites and gray circles represent Cl atomic sites.
Proposed exchange constants along the a, b, and c directions are
illustrated with arrows in the left unit cell. Cr-Cl and Cl-Cl bonding
are shown on the right side of the figure. The phase of the ordered
moments on the Cr sites is shown using + and − symbols. Dashed
lines correspond to the nuclear unit cell.

was attached to the cold-finger of a bottom-loading closed-
cycle refrigerator for the ARCS and SEQUOIA measurements.
The sample was within a liquid helium flow cryostat for the
CNCS measurement. The ARCS/SEQUIOA measurements
were made using a fermi chopper phase for an incident energy
of Ei = 15 meV and spinning a 100-mm-long slit package
with 1.5/2.0-mm-wide slats at 180/240 Hz. The CNCS
measurement was performed in the high-flux configuration
of the instrument with Ei = 4.2 meV.

III. RESULTS AND DISCUSSION

Figure 2 shows the inelastic measurements from the
(a) ARCS, (b) SEQUOIA, and (c) CNCS instruments. There
is a clear excitation centered at approximately 4 meV energy
transfer, h̄ω, with an energy gap of ≈2 meV. The rapid fall-off
in scattering intensity with increasing wave-vector transfer,
Q, indicates that the scattering is magnetic in origin. Though
the measurement is powder averaged one can see underlying
dispersion in the data in Fig. 2(b). There also appears to be a flat
mode at approximately 2.5 meV energy transfer. This suggests
a singularity in the magnetic density of states as typically
found in one-dimensional antiferromagnets.39,40 As we discuss
later in the manuscript, this feature is a manifestation of the
powder averaged quasi-one-dimensional spin-wave spectrum.
The CNCS measurement Fig. 2(c) allows one to place limits
on the value of the energy gap as a function of temperature
with good energy resolution. In the ordered phase, at T = 5 K,
the gap is very well defined as 2.1(1) meV.

Figure 3 shows diffraction measurements of CrCl2 as
measured using the CNCS spectrometer with Ei = 4.2 meV.
Figure 3(a) shows the integrated scattering intensity for four
temperatures. There are clear magnetic Bragg peaks located
at Q = 1.06 and 1.42 Å−1 that appear below the ordering
temperature. In Fig. 3(b), one can see that above TN there is
also an increase in the diffuse scattering intensity over a range
of wave-vector transfer. This increase is critical scattering
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FIG. 2. (Color online) Inelastic scattering intensity as a function
of energy and wave-vector transfer for CrCl2. Measurements were
made at T = 5 K. (a) Data from ARCS measured with Ei =
15 meV. Top axis corresponds to wave-vector transfer. (b) Data from
SEQUOIA measured with Ei = 15 meV. Bottom axis corresponds
to wave-vector transfer. (c) Data from CNCS measured with Ei =
4.2 meV. Bottom axis corresponds to wave-vector transfer. Data in (c)
have been background subtracted using an empty aluminum sample
can measurement.

associated with integrating over the magnetic fluctuations. The
location of the first magnetic Bragg peak corresponds well to
the large density of states of the inelastic spectrum shown in
Fig. 2 at 2 meV and Q ≈ 1 Å−1.

The peak at Q = 1.42 Å−1 in Fig. 3(a) is the (110)
nuclear Bragg peak of CrCl2. However, the small peaks at
Q = 1.72 and 1.14 Å−1 can be indexed to a small contribution
from the hydrate of the parent compound CrCl2 · 8(H2O):
(020) and (011), respectively. The magnetic peak at Q =
1.06 Å−1 and Q = 1.42 Å−1 index well as (0 1

2
1
2 ) and (1 1

2
1
2 )

antiferromagnetic Bragg peaks.
Measurements were made as a function of warming and

cooling of the sample. Figure 3(c) illustrates the extracted peak
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FIG. 3. (Color online) Neutron diffraction measurements of
CrCl2 as a function of temperature. Measurements are from the
CNCS spectrometer for Ei = 4.2 meV integrated between −4 and
4 meV energy transfer. Data have been background subtracted using
an empty aluminum sample can measurement. (a) Scattering intensity
at four select temperatures. (b) Temperature- and wave-vector-
dependent scattering intensity for warming the sample. (c) Integrated
scattering intensity for warming (solid symbols) and cooling (open
symbols). Data have been integrated with a total width in wave-vector
transfer of �Q = 0.04 Å−1. Solid and dotted lines correspond to
power-law fits between 13 and 43 K as described in the text.

intensity for warming and cooling for nuclear and magnetic
Bragg peaks. There is no hysteresis in the magnetic ordering,
and we observe no significant change in nuclear structure
as a function of temperature that may be associated with a
structural phase transition. We simultaneously fit the Q = 1.06
and 1.42 Å−1 using a power-law with an additional Lorentzian
function centered at TN to account for the critical scattering,

I = A + B(TN − T )2β + C

[(T − TN )2 + �2]2
, (1)

where the constant background A was fixed to the average
scattering intensity for T > 35 K. This fit result (reduced

χ2 = 6.08) is shown as a solid line in Fig. 3(c), where β =
0.31(4) and TN = 16.5(1) K. We also fit these data to a single
power law (Eq. (1) with C = 0) allowing the constant A to vary.
The resulting fit (reduced χ2 = 6.83) is shown as a dotted line
in Fig. 3(c) with values of β = 0.22(3) and TN = 17.0(2) K.
The critical exponent β for both characterizations of the mag-
netic order parameter is reduced from the 3D Heisenberg value
implying d < 3 interactions, although more precise measure-
ments would be able to make this classification more robust.41

We use linear spin wave theory (LSWT) to calculate a
dispersion, h̄ω(Q)SW, for comparison to the measured data.
The local environment of the magnetic ion, the direction of the
ordered moments, and the gap in the AFM spectrum imply
the need for an anisotropy parameter, D. The Heisenberg
Hamiltonian with a single-ion anisotropy parameter, D, is

H =
∑

α

∑
〈ij〉α

JαSi · Sj +
∑

i

D
(
S2

z

)
i
, (2)

where α is summed over a, b, and c, and we define the z axis
to be along the ordered moment.42,43 For the ordered structure
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FIG. 4. (Color online) (a) Image plot of the scattering intensity as
a function of energy and wave-vector transfer for CrCl2 at T = 5 K as
measured using the SEQUOIA instrument. (b) Calculated scattering
intensity including Jc and D fitting parameters as described in the
text. (c) Calculated scattering intensity including Jc, D, and Jb fitting
parameters as described in the text. (d) Calculated scattering intensity
including Jc, D, Jb, and Ja fitting parameters as described in the text.
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shown in Fig. 1, this results in the spin-wave dispersion

AQ = 2S{Ja[cos(2πH ) − 1] + Jb + Jc + D}
BQ = 2S[Jb cos(2πK) + Jc cos(2πL)] (3)

h̄ω(Q)SW =
√

A2
Q − B2

Q,

where S is the magnitude of the spin quantum and the
exchange interactions are illustrated in Fig. 1.44 Although a
single crystal measurement is preferential, comparison of the
powder averaged scattering intensity is able to determine the
significant exchange interactions.45 We fit our measured low-
temperature spectrum, Fig. 4, by comparing it to a numerically
powder averaged LSWT scattering intensity for the dispersion
given in Eq. (2).42 The calculated scattering intensity was
convolved with a Lorentzian function with a width �. Each
spectra was also convolved with the mean instrumental energy
and wave-vector resolution function over the range of data
shown in Fig. 4. For each calculation, the value of � was
fixed to 0.1 meV. This value is reasonable given the width
of inelastic features in the spectrum shown in Fig. 4(a). We
examine spectra by first including only the most dominant
terms in the Hamiltonian. Each calculated spectra was fit to the
measured spectrum using an overall multiplicative prefactor
and a constant additive background. The value of the parameter
that minimized the reduced value of χ2 was used as the
starting value for the iteration over the next parameter in
the Hamiltonian.46 This process was repeated until the χ2

minimum no longer changed. The error bars in the exchange
parameters are determined by the value where the reduced χ2

increases by one above its minimum value. Figure 4(b) shows
the fitted spectrum when including only the D and Jc param-
eters with Jc = 1.16 ± 0.15, D = 0.161+0.030

−0.026 meV, and χ2 =
7.67. This simple one-dimensional model agrees well with
the gap and bandwidth in the measured spectrum. Including
the Jb exchange constant further improves the fit, χ2 = 3.67,
Fig. 4(c). The fitted exchange constants for this fit do not vary
significantly from those used in Fig. 4(b): Jc = 1.06 ± 0.11,
D = 0.11 ± 0.02, and Jb = 0.170+0.065

−0.080 meV. Adding the
Jb parameter introduces additional localization of scattering
intensity throughout the spectrum. For example, one can see
an additional portion of the spectrum has developed below
Q = 1 Å−1 between 4 and 5 meV energy transfer. Including the
Ja parameter marginally improves the fit, χ2 = 3.66, as shown
in Fig. 4(d), with small changes in the exchange constants:
Jc = 1.13+0.13

−0.12, D = 0.11 ± 0.02, Jb = 0.12 ± 0.07 meV, and
Ja = −0.001 ± 0.02 meV. The Ja value is ferromagnetic in
agreement with the determined magnetic structure, but it is
very small in comparison to recent DFT calculations.30 The
primary exchange value agrees fairly well with those used to
describe the higher-temperature magnetic susceptibility data
as well as those from DFT calculations. It was originally
proposed from magnetic susceptibility measurements of CrCl2
and the magnetic transition temperature that the ratio of
intrachain to interchain interactions would be of the order of
5X10−2.47,48 This value is very close to the ratio of the mean
interchain to intrachain interaction value we have determined:
Ja+Jb

2
1
Jc

= 0.05 ± 0.02. These exchange parameters describe
a gapped excitation that is highly dispersive along the b and c

axes with a gap of 2.1 meV and a total bandwidth of 3.3 meV.
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FIG. 5. (Color online) Energy- and wave-vector-dependent scat-
tering intensity for CrCl2 at four temperatures. Data were measured
using the ARCS instrument.

The intensity distribution is in fairly good agreement with
our measurement. No significant contribution for interactions
along the (111) direction, J111, could be determined based
upon our powder measurements. Single-crystal measurements
may be able to determine the current exchange constants
more precisely and may determine weaker exchange constants.
These would likely serve to fill in additional scattering intensity
in the model in the vicinity of 2.5 meV energy transfer for
Q > 1.25 Å−1.
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FIG. 6. (Color online) Energy-dependent scattering intensity for
CrCl2 as a function of temperature. Data were integrated between
0.9 and 1.2 inverse angstroms in wave-vector transfer. Data were
measured using the CNCS instrument.
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Given the primary exchange constant, Jc = 1.13+0.13
−0.12 meV,

the Haldane gap energy for CrCl2 would be on the order
of 0.1 meV. Any potential quantum fluctuations for T > TN

would be obscured by thermal effects. Figure 5 shows the
temperature-dependent spectrum for CrCl2 for temperatures
below and above TN . As the temperature increases the
anisotropy gap in the spectrum closes and the scattering
intensity begins to shift toward h̄ω = 0 and Q = 0. Finer
resolution measurements as a function of temperature are
shown in Fig. 6. This figure is composed of a series of
constant wave vector scans integrated between 0.9 and 1.2
inverse angstroms. The data are plotted as the logarithm
of the scattering intensity to help illustrate differences in
the scattering intensity near h̄ω = 0. As the temperature is
increased, the spin-wave excitation dampens and moves to
lower energy transfer. The fluctuations above TN appear to be
paramagnetic with no sign of a quantum spin gap.

IV. CONCLUSIONS

The spectrum and the determined exchange constants for
CrCl2 serve to classify this system as a S = 2 quasi-one-

dimensional antiferromagnet. The ratio of the two largest
exchange constants is only Jc/Jb ≈ 9.1 and there exists a
significant onsite anisotropy contributing to the energy gap in
the low-temperature spin wave spectrum. The anisotropic ex-
change constants are in the vicinity of recent DFT calculations
lending additional credence to the respective band structure
calculations.30 We also find no sign of a Haldane gap in the
paramagnetic phase. Single-crystal inelastic neutron scattering
measurements in the vicinity of the antiferromagnetic wave-
vector with exceptional energy resolution may be able to place
additional limits on the existence of such quantum fluctuations
in CrCl2.
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