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Precise Determination of the Orientation of the Dzialoshinskii-Moriya Vector
in k-(BEDT-TTF),Cu[N(CN),]CI
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A novel electron spin-reorientation transition is discovered by '*C NMR in the quasi-two-
dimensional organic antiferromagnet x-(BEDT-TTF),Cu[N(CN),]Cl. The spin reorientation occurs
as an external field is swept through the orientation of the characteristic vector of the Dzialoshinskii-
Moriya (DM) interaction, thus providing a precise determination of the orientation of the DM vector.
Such a spin reorientation could help to characterize the DM interaction in other antiferromagnetic

systems.
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In recent years numerous studies have shown the strong
influence that the Dzialoshinskii-Moriya (DM) exchange
interaction can have on magnetic ordering in antiferro-
magnetic materials. In a previous study using *C NMR,
we showed the importance of the DM interaction for the
magnetic ordering in xk-(BEDT-TTF),Cu[N(CN),]CI [1],
an organic compound that is an antiferromagnet at am-
bient pressure (T = 27 K) [2] and a superconductor at
300 atm (T, = 13 K) [3] [BEDT-TTE hereafter abbrevi-
ated as ET, is bis(ethylenedithio)tetrathiafulvalene]. In
this Letter, we present an experimental method for de-
termining the precise orientation of the DM interaction
when simple symmetry arguments are not sufficient, as in
the case of k-(ET),Cu[N(CN),]|CL This technique is
linked to the observation of a novel spin reorientation
(SR) driven by the DM interaction. While to our knowl-
edge this SR has not been previously observed, it should
be present in many of the systems with the DM
interaction.

The conventional SR transition is known as a spin-flop
transition and results from competition between the
Zeeman and the symmetric anisotropic exchange (or
single-site anisotropy) interaction in the presence of a
much larger isotropic exchange interaction. The anisot-
ropy leads to an easy axis along which the spins lie in zero
field. When a field is increased from zero along the
direction of the easy axis, the spins lie along the easy
axis until the spin-flop field is reached, at which point
they flop into a configuration perpendicular to the field.

Spin reorientations have also been found to be caused
by the field-dependent competition between symmetric
anisotropic or interlayer exchange interactions and the
antisymmetric DM interaction. An example is seen in
the complicated field dependence of the magnetic struc-
ture of La,CuQy, a parent compound of the cuprate super-
conductors [4—6]. The DM interaction has recently been
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shown to contribute to SR transitions in other systems
such as K, V;0g [7] and BaCu,Si,0; [8], and its influence
has been seen in systems such as Cu benzoate [9],
NaV,05 [10], and V5 [11], among others.

The SR presented in this Letter differs from these
previous findings in that it results not from the competi-
tion between the DM interaction and any other anisotropy,
but follows from the form of the DM interaction itself in
the presence of the larger isotropic exchange and Zeeman
interactions. We describe the phenomenon using a mean-
field picture in which neighboring electron spins S; and
S, are located on distinct magnetic sublattices with mo-
ments M, and M,. It is helpful to make a change of basis
from the sublattice moments M| and M, to the staggered
moment MT = (M, — M,), which characterizes the
antiferromagnetic order, and the ferromagnetic moment
MF =1 (M, — M,), which characterizes the canting of
the spins away from antiparallel alignment, as shown in
Fig. 1. It is important to note that MT L MF. In the
presence of a large isotropic (Heisenberg) exchange inter-
action E;, = AM, - M, = A(IMF|?> — |[M*|?), the spins
minimize the energy by aligning in an antiparallel ori-
entation so that |M¥| = 0 and |[M'| = M, where M is the
magnitude of the electron spin moment of both sublatti-
ces. Since the SR discussed here also occurs in the pres-
ence of an isoptropic exchange interaction that is larger
than any other interaction, we assume |MT| > |MF]|.

M, MF M,
a0 .

FIG. 1 (color online). Change of basis from sublattice mo-
ments M, and M, to staggered M’ and ferromagnetic M*
moments.
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The energy of the antisymmetric DM interaction be-
tween the moments is

Epy =D - (M, X M,) =2D - (M" x M"), (1)

where D is the DM vector. The effect of a weak antisym-
metric DM interaction [12] in the presence of a large
isotropic exchange interaction is to cant the spins away
from their antiparallel alignment, generating a weak M’
at the expense of M1, and causing both M" and MT to lie
in plane perpendicular to D. In the absence of an external
field or anisotropy there is no preferred direction for
M" and M in this plane. Application of a magnetic
field H introduces the Zeeman interaction, Ez.cpan =
—H-(M,+ M,) =—H-M", and causes MF to lie
along H, breaking the degeneracy of the DM interaction.
Figure 2 shows an example of this for D along z. In the
absence of a field, Mt and MF lie in the x-y plane, and the
two states of Fig. 2 are degenerate. Note that the configu-
ration of these two states differs by a reversal of the elec-
tron spin orientation at every site. If a weak field is ap-
plied along +x (—x), the degeneracy of the states of Fig. 2
is broken and the ground states have M" along +x (—x).
The SR transition we report occurs when the orienta-
tion of H is swept through D. Using the example of Fig. 2,
if the orientation of a weak H is swept through z in the
x-z plane, M¥ will change sign to follow the x component
of H due to the Zeeman interaction, causing M t to
change sign also in order to keep the DM energy mini-
mized. This swapping of the orientations of the magnetic
sublattices (changing of sign of M') as H is swept
through D is the essence of the transition. As the tran-
sition occurs at H || D, it provides a direct measurement
of the orientation of D—yvaluable information in systems
such as k-(ET),Cu[N(CN),]Cl where the orientation of D
is not fully specified by symmetry arguments.
Experimental evidence of such an SR transition in
k-(ET),Cu[N(CN),]Cl is shown in Fig. 3. The figure
shows '*C NMR frequencies as a function of the direction
of the applied field in the a-b plane of the crystal. The two
sets of shift data came from the two inequivalent layers of
k-(ET),Cu[N(CN),]Cl, denoted A and B. From our pre-
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FIG. 2 (color online). Two spin configurations with the same
DM interaction energy are shown for the case of D || z. The
configuration on the left is the ground state for H along —x, the
configuration on the right the ground state for H along +x.

167002-2

vious symmetry analysis we know that each layer has a
distinct D and that both D’s lie in the a-b plane, but that
the direction within the plane is not determined by the
crystal symmetry [1]. As discussed later, the discontinu-
ities seen in the shift data occur at the SR transitions
when the orientation of H passes through the orientation
of the D’s, thus revealing the orientation of the D’s. Note
that at an orientation where a discontinuity occurs in the
data of one layer, the data in the other layer are continu-
ous, supporting our prior claims [1] that the interlayer
interactions can be neglected for the purposes the mag-
netic ordering and that the DM vectors of the two planes
have different orientations.

The data were taken in a field of 8.3 T and at a tem-
perature of 10 K, a temperature significantly below the
Néel temperature, Ty = 27 K. These resonances origi-
nate from the ““inner” site of the two “central” '3C of
the ET molecules in an isotopically labeled sample of
k-(13C,-ET),Cu[N(CN),]CI [15]. The inner label refers to
the two 13C closest to the center of a dimer, and the
“outer” label refers to the remaining two '3C. The data
for the outer sites show similar but smaller discontinuities
in the frequency at the same angles for which the dis-
continuities occur in the inner site data of Fig. 3. All of the
data were obtained from a ‘““point-by-point”’ sampling of
the absorption resonance line using a spin-echo pulse
sequence [16], and are presented in terms of a shift
from the room temperature '3C resonance frequency of
a reference sample (TMS).

We observed no hysteresis in the orientation of the
discontinuities while sweeping the field orientation for-
ward and backward, but we cannot rule out some small
amount of hysteresis of order £1°. Also, the discontinu-
ities could be observed while keeping the sample at 10 K
and in a fixed field strength, varying only the field ori-
entation. These results suggest that the discontinuities
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FIG. 3. Shift in '3C inner site resonance frequencies as a

function of orientation of the applied field in the a-b plane.
Lines are provided as a guide to the eye.
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occur at an orientation that is independent of the
temperature-field history of the sample.

The full set of data for the a-b and b-c planes for both
inner and outer sites is shown in Fig. 4. We have used the
convention that 6 is the polar angle from c, and ¢ is the
azimuthal angle from a to b.

There are several notable features of our data. First, that
the discontinuities are seen at all suggests that the SR
driven by the DM interaction does indeed occur.
Although this SR is essentially a swapping of the two
magnetic sublattices and so is unlikely to be resolved by
magnetometry, we explain here how it should manifest as
a sudden frequency shift in NMR. In the field regime
used, the nuclear spin Hamiltonian at a given site i should
be dominated by the Zeeman interaction and the nuclear-
electron spin interaction. The resonance frequency of a
nucleus at site i is then determined by the effective field
generated from these two interactions, which can be
written as
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FIG. 4 (color online). Shift in >C resonance frequencies as a
function of orientation of the applied field in the a-b plane (6 =
90°) and the b-c plane (¢ = 90°) for both layer A (closed
circles) and layer B (open circles): (a) inner site; (b) outer site.
Lines are from fits to the data using Egs. (2) and (3).
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A(T)
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H o ,(T) = H + - M(T), (2)
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where A, is the hyperfine tensor at site i, vy, and 7y, are the
gyromagnetic ratios of the nuclear and electron spins, and
M; is the electron spin moment at site i{. For an aniso-
tropic A;, as found in k-(ET),Cu[N(CN),]Cl, a flop of the
electron spin at a given site, i.e., a change of sign of M,
changes the effective field and manifests itself as a sudden
change in the resonance frequency. Our data are the first
observations of such an SR of which we are aware.

Another feature of the data is the absence of disconti-
nuities in the b-c plane. This result is consistent with the
symmetry analysis given in our previous work, where we
showed that symmetry arguments constrain D, and Dpg
to lie in the a-b plane. The symmetry analysis also
indicated that D, and Dy are related by a reflection in
the b-c plane, so that if ¢#, = 90° + x is the orientation
of D, in the a-b plane, then ¢5, = 90° — x is the ori-
entation of Dy in the a-b plane. We found a discontinuity
in layer B at ¢5 =46 = 0.5° and in layer A at qbgh =
133 £ 1°, consistent with the symmetry constraint for
x = 44 * 1°. Magnetometry results of our previous study
had given x =26 = 13°. Thus our previous method of
determining the DM vector through a macroscopic mag-
netometry study, while providing a rough estimate of the
DM orientation and strength, is far less precise than the
microscopic method of determining the orientation of D
presented here.

In addition to providing a determination of the orien-
tation of the DM vectors, these data enabled a determi-
nation of the hyperfine tensors in the antiferromagnetic
state. The hyperfine tensors were found by fitting the shift
data using Eq. (2) with the A;’s as fit parameters. To do
this it is necessary to have an expression for M; as a
function of the field orientation, now provided. We begin
by noting that although the magnetic interactions in
k-(ET),Cu[N(CN),]Cl include exchange anisotropy
(hence the spin-flop transition of Ref. [2]), the applied
field in which our data are taken is high enough that the
Zeeman and DM interactions win out over this anisot-
ropy. This is because both the Zeeman and DM interaction
energies increase with increasing M’ and the anisotropic
exchange does not (for M¥ < M*1). In this “high-field”
regime, M* is roughly along H and the orientation of Mt
in the plane perpendicular to H is determined by Eq. (1),
so that M' tends to lie perpendicular to D also.
Neglecting canting, the resulting ordering is described by

mt =dXxh, 3)

where lowercase letters are used to denote unit vectors.
This expression makes it clear that MT changes sign as
the orientation of the applied field is swept in a plane
through the orientation of D or —D.

In fitting the data, we assumed that Eq. (3) accurately
describes the electron spin ordering. Note that in using
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this expression we ignored several factors, including the
weak anisotropy of the g-shift tensor [17], the canting of
the electron spins, and any interaction between the inner
and outer nuclei. We also assumed that the principle axes
of the hyperfine tensor at a given site are near the prin-
ciple axes of the ET molecule at that site. However, we
allowed for a rotation («) of the principle axes of the
hyperfine tensor away from those of the ET molecule
along one axis to provide for the effect of dimerization
between adjacent ET molecules [15]. The orientation of
¢, = 46.5° was included as a fit parameter, constrained
to a range consistent with the observed discontinuity, 46°
to 46.5°. For the magnitude of the electron spin magne-
tization in Eq. (2), M;, we used 0.5up per dimer, a value
consistent with results of our prior work [1].

The shifts resulting from the best fit to the tensors are
represented by the lines in Fig. 4. The shift data, includ-
ing the discontinuities, are well represented by the fit
curve. The results of the fits at 10 K, assuming 0.5up
per dimer, are given in the following table:

Ay (MHz) Ay, (MHz) A, (MHz) @
Inner —09+13 02+06 93+07 7.6°+0.8°
Outer 08*0.1 35%06 182+0.6 —3.9*02°

For both the inner and outer sites, the best fit was found
with an orientation of ¢, = 46.5° for the DM vector of
layer B.

The room temperature values of the hyperfine tensors
are provided here for comparison:

A, (MHz) A,, (MHz) A, (MHz) o
Inner —-1.6x05 -34=x05 10.0x0.5 7.9° +0.8°
Outer 1.2*+02 —-04=*x02 168*x02 —-09=*0.1°

Significant changes are seen between room temperature
and 10 K in Ayy of the inner site, and in Ayy, A, and o
of the outer site. A temperature-dependent hyperfine
interaction was suggested in our previous work on
k-(ET),Cu[N(CN),]Cl, and has also been suggested for
k-(ET),Cu[N(CN), |Br [18], so the changes are not sur-
prising. In fact, the tensors at 10 K and room temperatures
are remarkably similar, given that the room temperature
parameters are based on a measured susceptibility and
the 10 K parameters are based on the assumption of 0.5 up
per dimer. The similarity between the two sets of parame-
ters supports our assumption of 0.5up per dimer.

In conclusion, we have predicted and observed what to
our knowledge is a novel feature of magnetic systems
with the Dzialoshinskii-Moriya interaction—a spin re-
orientation occurring when an external field is swept
through the orientation of the DM vector. Though so far
observed only in k-(ET),Cu[N(CN),]Cl, we expect that
such a reorientation should be observable at high fields in
many different antiferromagnetic systems with the DM
interaction. The advantage of using this SR to study the
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DM interaction is that the SR occurs in a high-field
regime where complications introduced by anisotropic
interactions are negligible. NMR proves to be an ideal
probe of this spin reorientation and provides a precise
determination of the orientation of the DM vector, which
could be useful in systems where the orientation of the
DM vector is not fixed by symmetry constraints.
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