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Dzialoshinskii-Moriya interaction in the organic superconductor
k-„BEDT-TTF …2Cu†N„CN…2‡Cl
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The authors report13C NMR and magnetization measurements on the magnetic state of oriented single
crystals of the organic superconductork-(BEDT-TTF)2Cu@N(CN)2#Cl. To understand these data a spin
Hamiltonian based on thePnmasymmetry of the crystal is developed. When interpreted in the context of this
Hamiltonian, the measurements provide a detailed picture of the spin ordering. It is found that the
Dzialoshinskii-Moriya~DM! interaction is largely responsible for the details of the ordering above the spin-
flop field. Of particular note, the interplane correlations are determined by the intraplane DM interactions and
the direction of the applied field.
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I. INTRODUCTION

Much work has gone into understanding the ma
netic and superconducting properties
k-(BEDT-TTF)2Cu@N(CN)2#X (X5Br,Cl,I) ~Refs. 1–3!
and related systems of quasi-two-dimensional organic c
ductors. These systems consist of insulating layers of p
mers alternating with conducting layers of dimers of t
BEDT-TTF molecule@BEDT-TTF, hereafter abbreviated a
ET, is bis~ethylenedithio!tetrathiafulvalene#. While the nature
of the superconducting state has been disputed~see, e.g.,
Refs. 4 and 5!, many researchers have suggested on the b
of experiment that the order parameter is anisotropic w
nodes in the gap, and comparisons to the high-TC supercon-
ductors have been made.6–8 The interplay between supercon
ductivity and antiferromagnetism in these systems is of p
ticular interest, as antiferromagnetic spin fluctuations h
been proposed as a mechanism for the superconductivity9–12

A thorough characterization of the magnetic state may p
vide a basis on which to develop such theories. While
presence of antiferromagnetic fluctuations is seen in sev
of the k-(ET)2Cu@N(CN)2#X compounds, two that exhibi
antiferromagnetic ordering are theX5Cl salt and the deuter
atedX5Br (d-Br) salt. In this paper, we use a combinatio
of NMR and magnetization measurements to find the m
netic structure of theX5Cl salt and show the key role of th
Dzialoshinskii-Moriya ~DM! interaction13–15 in producing
the magnetic structure.

The Cl salt is an ambient-pressure antiferromagnet wit
Néel temperature of 27 K~under pressure, however, it be
comes a superconductor2!. The initial magnetization study o
Welp et al.16 identified the antiferromagnetic nature and d
tected the presence of weak ferromagnetic canting. The
sequent magnetization and1H NMR data of Miyagawa
et al.17 determinedTN to be 27 K, identified an easy axi
along b̂ through the presence of a spin-flop transition at
proximately 0.3 T, and suggested that the ordering was c
mensurate with the dimer structure.
0163-1829/2003/68~2!/024512~9!/$20.00 68 0245
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Further experiments on the magnetic ordering of the
andd-Br salts have generally upheld the picture proposed
Miyagawaet al. The torque magnetometry data of Pinter´

et al.18 confirmed that the easy axis was alongb̂ and noted
that in low fields the weak ferromagnetic canting away fro

the easy axis was towardĉ and notâ. Later 13C experiments
of Miyagawa, Kawamoto, and Kanoda19,20 on thed-Br salt
again found commensurate ordering and identified some c
straints on the high-field ordering of the electronic sp

when the external field is applied along theâ axis.
The recent antiferromagnetic resonance~AFMR! experi-

ments of Ohtaet al.21 and Itoet al.22 have suggested slightly
different configurations for the magnetic ordering in the

salt. Instead of an easy axis alongb̂, Ohtaet al. found easy-
plane anisotropy with an easy plane that was tilted 35° fr
the â-ĉ plane. Ito et al. were not able to fit their angle
dependent AFMR data for the Cl salt to the standard the
and they interpret theird-Br data as showing the easy axis
be â.

In this paper we provide a microscopic framework f
understanding our data and show that it helps to explain
results of these previous experiments.

II. EXPERIMENT

A. NMR

For the NMR data a 0.78-mg single-crystal sample
k-( 13C2-ET)2Cu@N(CN)2#Cl was used.23 This sample is la-
beled with 13C isotopes at the two ‘‘central’’ carbons of th
ET molecule, as explained by De Sotoet al.24 The central
carbons are located in the region of highest density for
conduction band electrons. The data presented here w
taken in superconducting magnets with fields of 8.3 a
11.74 T. A Macor sample mount was used. The spectra w
obtained with the spin-echo pulse sequence. Further de
can be found in Ref. 24.
©2003 The American Physical Society12-1
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B. Magnetometry

The high-field magnetization data were taken on
16.1-mg single crystal ofk-( 13C6-ET)2Cu@N(CN)2#Cl.25

The measurements were made with a Quantum Design M
netic Property Measurement System~MPMS! magnetometer,
which uses a second-order gradiometer superconducting
tection coil. The field range was from27 to 17 T at a
temperature of 5 K, well below the transition temperature
TN527 K. The sample holder was a plastic drinking stra
with a Mylar strip inserted.

III. RESULTS

A. NMR

As explained in De Sotoet al.,24 when at room tempera
ture with an arbitrary orientation of the external field,
k-( 13C2-ET)2Cu@N(CN)2#Cl sample will produce 16 differ-
ent 13C resonance lines. These 16 lines arise from th
sources of splitting. First, the manner in which the dim
form causes the two central carbons in a given molecule
exist in slightly different chemical environments. We ca
these two distinct sites the inner and outer sites, and t
provide a factor of 2 in the number of lines. Second, the f
inequivalent dimer orientations in a unit cell lend a factor
4 to the number of lines. Third, a nuclear dipolar splitti
between the two central13C nuclei provides a factor of 2
Following De Sotoet al., we measured the room-temperatu
13C Knight- ~spin-! shift tensor from an angular study of th
resonance line positions in the 11.74-T magnet and found
following:

Kxx
spin Kyy

spin Kzz
spin a

Inner 270620 2141620 419620 7.9°60.8°
Outer 51610 218610 704610 20.9°60.1°

where a is the angle by which the principle axes of th
hyperfine tensor deviate from the molecular axes and
shifts are given in parts per million~ppm!. These results are
quite similar to those for the Br salt, which is not surprisin
as the structural differences between the Cl and Br salts
minute.

The resonance frequency of the outer13C site is shown as
a function of temperature in Fig. 1 for three orientations
the external field at 8.3 T.26 The corresponding data for th
inner site are shown in Fig. 2. Note that while the shifts
the resonance lines described above are present aboveTN ,
their differences are imperceptible on the scale of the plo

The significant features of these data are the large shif
low temperatures with onset nearTN and the lack of any
splitting at low temperatures save for the splitting betwe
the inner and outer13C. The latter is remarkable, as add
tional splittings from the four inequivalent sites would b
expected for arbitrary orientations of the antiferromagne
sublattice moments. The absence of this splitting in the m
netic state puts stringent constraints on the electron spin
dering, as discussed later.

An additional property of the frequency shifts that is n
shown in these data is that, although aboveTN the shifts are
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proportional to the applied field, we have found that belo
TN the shifts are largely independent of the applied field
fields ranging from 9.4 T down to 2 T. This reinforces th
interpretation of the shifts as arising from spontaneous m
netic ordering. Also, we find spin-lattice relaxation resu
that are similar to those reported by Kawamotoet al.,27 in-
cluding a peak in the relaxation rate nearTN .

B. Magnetometry

Our low-field data (H,1 T) for the magnetization as
function of applied field, though not included in this pap
are consistent with the data of Miyagawaet al.,17 including a
spin-flop transition at 0.25 T forHi b̂. In Fig. 3 we present
magnetization data for fields up to 7 T for the field alo
each of the crystal axes. The background magnetiza
Mbackground was found by measuring in the absence of t
sample. The data shown are just the spin magnetic mom
of the sample, Mspin5Mmeasured2Mbackground2Mcore .

FIG. 1. Resonance frequency of the outer line of the central13C
as a function of temperature at 8.3 T. The error bars represen
linewidth.

FIG. 2. Resonance frequency of the inner line of the central13C
as a function of temperature at 8.3 T. The error bars represen
linewidth.
2-2
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Following Welpet al.16 we use a diamagnetic core contrib
tion of xcore529.131027 emu/cm3.

IV. DISCUSSION

A. Crystal structure and symmetries

Our analysis of the system relies on knowledge of
symmetries of the crystal. Figure 4 shows several dimer s
in two adjoining layers.

FIG. 3. Spin magnetization as a function of field,T55 K.

FIG. 4. A schematic diagram showing various sites in two
jacent layers. The pairs of dark lines represent the (ET)2 dimers, the
circles represent the electron spins, the1 and 2 labels represen
the two magnetic sublattices, and the dashed lines represen
planes of glide symmetry.
02451
e
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There are four inequivalent dimer sites in the unit cell: A
and A2 in layer A and B1 and B2 in layer B. The space gro
of the crystal isPnma, which gives us the symmetry opera
tions that describe how these sites are related.28 The first
symmetry operation is a glideĜ, which involves a reflection
across theâ-b̂ plane and a translation of1

2 the unit cell along
â . This operation takes one dimer site in a given layer in
the other dimer site, e.g., A1→A2, A2→A3. In Fig. 4 the
glide planes are represented by the dashed lines. The o
two symmetry operations are a reflection across theâ-ĉ
plane,R̂, and a diagonal glide in theb̂-ĉ plane,D̂. HereR̂
takes a site in one layer into the corresponding site in
other layer, e.g., A1→B1. D̂ is a composition ofĜ and R̂
and so will be ignored. There is also an inversion operatoÎ,
which arises because the dimers are centrosymmetric.

B. Electron spin ordering

The absence of any further splittings of the resona
frequency lines in the magnetic state constrains the poss
orderings that we should consider. These constraints
found through analysis of the nuclear spin Hamiltonia
which in the antiferromagnetic state is dominated by the Z
man and nuclear-electron spin interactions. Here we pre
the nuclear spin Hamiltonian for a given sitei,

Hi5HZeeman,i1Hspin,i

52gn\ Î i•H01 Î i•Ai•Ŝi

52gn\ Î i•S H02
Ai•Ŝi

gn\
D

[2gn\ Î i•Ĥe f f,i , ~1!

where Î i and Ŝi are, respectively, the nuclear and electr
spin operators at sitei. We defineĤe f f,i to be the effective
field perceived by the nuclear spin at sitei.

If the Zeeman term dominates the hyperfine interact
with the field applied along the axisa, then to first order the
nuclear spin Hamiltonian is given by

Hi52gn\ Î i
aS H02

1

gn\
~Ai

aaSi
a1Ai

abSi
b1Ai

acSi
c! D

[2gn\ Î i
aHe f f,i

a , ~2!

where we have replaced the electron spin operatorŜ with the
thermal average expectation valueS.

As mentioned, there are four inequivalent dimer sites
the crystal, not including the inner-outer13C distinction.
These sites can be related by theĜ andR̂ symmetry opera-
tions, and thus the shift tensors of the different sitesi can be
related through the appropriate transformations. This is d
in Appendix A.

Given the relations between the hyperfine tensors at e
site, we can determine the electron spin configurations
will present a single resonance frequency: i.e., the spin c

-

the
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figurations for which the effective field is the same at all fo
unit cell sites~since the effective field determines the res
nance frequency throughv i5gnHe f f,i). This analysis is car-
ried out with the understanding that the NMR data we
taken in a field of 8.3 T, well above the spin-flop field. A
fields below the spin-flop field the anisotropic exchange
teraction wins out over the Zeeman interaction, pinning
spins along the easy axisb̂. Above the spin-flop field, how-
ever, the Zeeman interaction is greater than the anisotr
exchange interaction, and assuming that the isotropic
change interaction is much larger than the other interact
~supported by our data!, the spins align in a direction roughl
perpendicular to the external field~an alignment most advan
tageous for the Zeeman interaction!, regardless of the spin
orientation. The spins will also exhibit a slight canting t
ward the direction of the external field, as discussed later,
this can be ignored for the purposes of the analysis we
about to give.

As an example of how the analysis works, consider
case ofH0i â. Above the spin-flop field the spins will b
oriented somewhere in theb̂-ĉ plane. If the spins are alon
b̂, then we find the following effective fields at sites A1 an
A2:

He f f,A15H02
1

gn\
AA1

abSA1
b , ~3!

while the effective field at A2 is

He f f,A25H02
1

gn\
AA2

abSA2
b

5H02
1

gn\
AA1

ab~2SA1
b !

5H01
1

gn\
AA1

abSA1
b , ~4!

where we have usedAA2
ab5AA1

ab ~from Appendix A! andSA2
b

52SA1
b ~antiferromagnetic alignment of neighboring spin!.

ThusHe f f,A1ÞHe f f,A2 and we would find two distinct reso
nance frequencies, contrary to our findings. Therefore,
electron spins cannot have ab̂ component. Further analysi
shows that the condition of a single effective field for the tw
sites can be satisfied if the electron spins lie along theĉ axis.
Similar constraints hold for the ordering between the plan

Carrying out this analysis with all possibilities for orien
tations of field and electron spins, we reach the followi
conclusions about the ordering of the electron spins for fie
above the spin-flop field

~i! H0i â. The spins are roughly oriented along theĉ axis
~some small degree of canting will be present!, a finding in
agreement with Miyagawaet al.20 In particular,SA1.2Sĉ

and SA2.Sĉ, where uSu5S. We find that SA15SB1 and
SA25SB2 so that there is ferromagnetic ordering between
planes. This ordering is depicted in Fig. 5.

~ii ! H0i b̂. The spins are along theĉ axis, again with
SA1.2Sĉ and SA2.Sĉ. For this field orientation,SA1
52SB1 andSA252SB2, giving antiferromagnetic ordering
between planes. This is shown in Fig. 5.
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~iii ! H0i ĉ. The spins can lie anywhere in theâ-b̂ plane.
There is ferromagnetic interplane ordering if the spins

along theâ axis and antiferromagnetic ordering if the spi

are along theb̂ axis. The interplane ordering is more com

plicated for an arbitrary orientation of the spins in theâ-b̂
plane.

Here interplane ordering is taken to be the relative ord
ing of A1 to B1 and A2 to B2—i.e., nearest neighbors acro
the polymer layer. Note that we have shown that the cha
ter of the interplane ordering changes with the orientation
the external field.

We do not include here a quantitative analysis of the l
shifts in the magnetic state as Miyagawaet al.20 have done

for H0i ĉ, using the room-temperature hyperfine interacti
tensors. While such an analysis provides a value for
dimer moment, we have found that the dimer moments t
found vary considerably from one orientation of the ma
netic field to another. In addition, the values produced fr
the outer-site data are not consistent with those of the in
site data. We suspect that the room-temperature hype
tensors may not apply in the magnetic state, with the in
tensor undergoing more of a change than the outer ten
However, we note that our results show roughly a momen
0.5mB per dimer, consistent with the result of 0.4mB per
dimer found by Miyagawaet al.17 This assumption of 0.5mB
per dimer will be used in the following analysis.

C. Model involving the DM interaction

Having determined the magnetic ordering of the syst
for fields above the spin-flop field, we now turn to unde
standing the cause of the ordering. The magnetization d
suggest that a model for this system must minimally inclu
an exchange term, a DM term~to account for the canting!, an
anisotropic exchange term~to account for the easy axis!, and
a Zeeman term. Such a spin Hamiltonian is the following

FIG. 5. Depiction of electron spin orderings forH0i â ~left! and

H0i b̂ ~right!.
2-4
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Hspin5Hiso1HDM1Hanis1HZeeman

5
uJu
2 (

n,m
Ŝn•Ŝm1

1

2 (
n,m

Dnm•~Ŝn3Ŝm!

1
DJ

2 (
n,m

Ŝn
bŜm

b 1gmBH•(
n

Ŝn . ~5!

Note that since the dimers should be spin1
2 , we have chosen

the anisotropy term to be anisotropic exchange between p
of ions, rather than a lowest-order single-ion anisotro
term, which vanishes for spin12 ~Ref. 29!.

Using our microscopic spin Hamiltonian, Eq.~5!, we can
derive an expression for the macroscopic energy in term
the magnetization vectors of the magnetic sublattices usi
molecular-field approximation. We ignore the weaker int
layer exchange couplings and include only the near
neighbor intralayer couplings. The differences between th
and B layers necessitate separate terms for the two layer
we use the subscriptl to indicate the layer. The two magnet
sublattices are represented by the symbols1 and2, so that
1 and 2 will refer to lattice sites, not to spin orientation
Note that as shown in Fig. 4, sites 1, 3, 4, and 5 are ass
ated with the1 sublattice and site 2 with the2 sublattice.
However, as we will show, the ordering between layers is
fixed but depends on the orientation of the external field,
that the1(2) sites in the A layer do not necessarily have t
same orientation as the1(2) sites in the B layer.

The resulting energy expression is

E5 (
l 5A,B

~2AM1 l•M2 l1Dl•~M1 l3M2 l !

12KM 1 l
b M 2 l

b 2M1 l•H02M2 l•H0!. ~6!

HereM1(2) l represents the magnetization of the1(2) sub-
lattice at the layerl, A is the isotropic exchange paramete
andK is the anisotropic exchange parameter. The equat
relating the microscopic parameters of Eq.~5! and the mac-
roscopic parameters of Eq.~6! are provided in Appendix B.

In this form, we can show that symmetry of the syste
puts several constraints on the DM vectors, derived in A
pendix C. From the intralayer symmetry~the glide operation!
we obtain

Dl
c50,$ l 5A,B%, ~7!

and from the interlayer symmetry~the reflection operation!
we obtain

DB
a52DA

a ,DB
b5DA

b . ~8!

From Eq.~7! it follows that

uDAu5A~DA
a !21~DA

b !2. ~9!

Equation~8! shows that knowingDA , we knowDB , and that
uDAu5uDBu. We proceed usingD12 ~the interaction vector
between sites A1 and A2! to represent the DM interaction a
the microscopic level andDA to represent the DM interactio
at the macroscopic level.
02451
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As we will now show, the constraints on the DM vector
Eqs. ~7! and ~8!, are consistent with the magnetization da
and provide an explanation for the unexpected NMR resu
Starting with the latter, we first note that the NMR data we
taken at 8.3 T, well above the spin-flop transition. As d
cussed earlier, in this regime the electron spins are ne
perpendicular toH0 and still largely antiparallel to each
other, but there will be a slight canting towardH0 due to the
influence of the Zeeman interaction.

Given this configuration, we propose that the DM ter
will determine the orientation of the spins in the plane p
pendicular to the external field, with the anisotropic e
change having a negligible effect. We provide support
this assumption later, but now proceed with this assump
and describe an analysis of the electron spin orientations
the three directions of external field. Central to our reason
is that the DM interaction favors canting of the electron m
ments in a plane perpendicular to the DM vector and that
DM vector is nonzero only for theâ and b̂ directions. To
facilitate the explanation we introduce the staggered mom
M l

†5(M1 l2M2 l)/2 and the ferromagnetic momentM l
F

5(M1 l1M2 l)/2. For antiferromagnetic ordering in the ab
sence of any canting only the staggered moment will
present. A ferromagnet moment develops when canting
present.

~i! H0i â. Here the moments cant towardâ, so thatM l
F is

along â andM l
† lies in theb̂-ĉ plane. SinceDl

c50, M l
† will

be alongĉ to take advantage of DM interaction through th
nonzeroDl

b . And since, from Eq.~8!, DA
b and DB

b have the
same sign,MA

† and MB
† will be parallel and ferromagnetic

interplane ordering will occur.
~ii ! H0i b̂. M l

F is along b̂ and M l
† is in the â-ĉ plane.

Again, M l
† will be along ĉ sinceDl

c50 andDl
aÞ0. In this

case, however,MA
† andMB

† will be antiparallel asDA
a andDB

a

have opposite signs, so that antiferromagnetic ordering in
plane will occur.

~iii ! H0i ĉ. M l
F is along ĉ and M l

† is in the â-b̂ plane.

Since the DM vector is also in theâ-b̂ plane, the spins will
lie in the â-b̂ plane in a direction perpendicular to the fu
DM vector.

The spin configurations that we have found to be energ
cally favorable for the DM interaction are the same as
experimentally determined configurations found in our d
cussion of the hyperfine tensors, allowing for the yet un
solved ambiguity in the orientation forH0i ĉ. An important
feature is that the DM interaction also explains the chang
interlayer ordering from ferromagnetic to antiferromagne
as we change the field orientation fromâ to b̂. Thus the
interlayer ordering is not determined by the interlayer e
change interaction, but by the external field and the int
layer DM interaction.

Having shown that our model gives a qualitative explan
tion of the NMR results, we will now apply it to the high
field magnetization data of Fig. 3. Using Eq.~6!, we obtain
the following result for the net magnetization in low tem
peratures and high fields~well above the spin-flop field!:
2-5
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MF~H0!5
uDA

i uM01H0

A
, ~10!

where forH0i â, uDA
i u5uDA

b u, for H0i b̂, uDA
i u5uDA

a u, and for

H0i ĉ, uDA
i u5uDAu, as explained above. In deriving this e

pression we have usedMF5MA
F1MB

F and the fact that every
dimer has four nearest neighbors in the plane. Based on
assumption of 0.5mB per dimer, we use M0
51.45 emu/cm3.

From a linear fit to the high-field data ofMF vs H0 using
Eq. ~10! we obtain the results shown in Table I, presented
terms of both microscopic and macroscopic parameters.
values forD12 andDA depend on our assumption of a ma
netic moment of 0.5mB per dimer, but the values forJ andA
do not.

We now present several arguments to suggest that the
ues shown in Table I are reasonable. First, from theory
expect to find thatD12/J'Dg ~Ref. 29!. Indeed, our result
of uD12

abu/J5(6.660.7)31023 is of the same order of mag
nitude as theDg values found by Kubotaet al.,30 Dg'5
31023. Second, note also that our measured susceptibil
are in the range ofx5(5.9–7.7)31027 emu/cm3 or
(2.8–3.7)31024 emu/mol. These values are in agreeme
with the stated value ofx52.9631024 emu/mol from Ohta
et al.31 Third, from Eq.~9! we can relate the three results f
DA . The data forH0i ĉ provide us with a direct measureme
of uDAu, giving (1.960.2)3104. From the data forH0i â and
b̂ we obtain uDAu5A(DA

a)21(DA
b)25(1.360.2)3104.

These two results do not differ greatly, and the discrepa
might be explained by the effects of the anisotropic inter
tion, which we ignored in deriving Eq.~10!, or the uncer-
tainty related to the large background signalMbackgroundthat
we subtracted out in obtaining the data of Fig. 3. Note t
we cannot give a value for the magnitude of the microsco
parameter,uD12u, since at the microscopic level theĉ com-
ponent is nonzero and we have no information onD12

c . How-
ever, we do have a measurement of the projection ofD12 into
the â-b̂ plane,D12

ab .

TABLE I. Parameters determined by the high-field magneti
tion data of Fig. 3 fit with Eq.~10!. Both microscopic (J, D12) and
macroscopic (A, DA) parameters are given. A result of ‘‘-’’ indicate
that the particular orientation of the magnetic field does not prov
any information about that parameter.

H0i â H0i b̂ H0i ĉ

J ~meV! 5763 4366 4962
uD12

a u (31025 eV) - 9.760.5 -
uD12

b u (31025 eV) 2062 - -
uD12

abu (31025 eV) - - 3264

A(3106) 1.6960.08 1.360.2 1.4560.06
uDA

a u (3104) - 0.660.3 -
uDA

b u (3104) 1.260.1 - -
uDAu (3104) - - 1.960.2
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With these values for the DM vector components there
enough information to describe the ordering of the elect
spins for the case ofH0i ĉ. In Appendix D we use the result
of our NMR line shift analysis to show thatDA

a is positive,
DA

b is negative,DB
a is negative, andDB

b is negative. SoDA

5(0.6â21.2b̂)3104 andDB5(20.6â21.2b̂)3104. Given
that the spins will orient perpendicular to the DM vector
such a way that the canting towardĉ produces a cross prod
uct M1 l3M2 l in the direction opposite to the DM vecto
the ordering will be as shown in Fig. 6.

The previous analysis rests on the assumption that
DM interaction is stronger than the anisotropic interactio
To support this claim we note without proof that our ener
expression, Eq.~6!, leads to the following expression for th
spin-flop field:

Hs f5
1

4
@ uDA

a u1A~DA
a !222~DA

b !2116AK#. ~11!

We have found that the spin-flop field is approximately 0.3
Using our results forDA

a , DA
b , andA from Table I we esti-

mate thatK'12, a factor of 103 less thanDA . Thus our
assumption that the anisotropic exchange interaction is m
weaker than the DM interaction is self-consistent.

The model also helps to explain the torque magnetom
data of Pinteric´ et al.18 They confirmed that the easy axis
along b̂ and found that below the spin-flop transition th
spins cant alongĉ but not alongâ. As they noted, this cant
ing can be explained by a DM vector that has anâ compo-
nent but noĉ component. Considering the symmetry rul
described by Moriya,14 they focused on the interplane sym
metry and showed that the interplane DM vector~the vector
that describes the interaction between dimers on adja
planes! must be in theâ-ĉ plane. However, the interplan

-

e

FIG. 6. Depiction of DM vectors and electron spin ordering f

H0i ĉ.
2-6
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DM vector is not constrained to be alongâ, and the inter-
plane DM interaction will be much weaker than the intr
plane DM interaction, as the exchange coupling betw
planes is much weaker than the exchange coupling betw
adjacent dimers in the layer. Our symmetry analysis provi
a stronger explanation for their results, as we have sho
that in a molecular-field model the dominant intraplane D
vector does not have aĉ component.

Some preliminary analysis indicates that this model m
also prove a success at describing the AFMR data of Ohet
al.21,31

V. CONCLUSION

We have provided a description of the electron spin ord
ing, above the spin-flop field, that is consistent with o
NMR data. With the exception ofH0i ĉ the NMR data lead to
an unambiguous assignment of ordering to the electron sp
We find the interesting result that the nature of the interla
ordering depends on the direction of the applied magn
field.

Based on an analysis of the symmetry, we have also
scribed a model that explains the observed electron spin
dering. Central to the model is the DM interaction and t
observation that crystal symmetry requires that theĉ compo-
nent of the DM vector be zero between neighboring sites
the molecular-field approximation. Combined with the hig
field magnetization results for the DM vector values~Table
I!, this model also allows us to remove the ambiguity in t
H0i ĉ ordering~Fig. 6!.

From the high-field magnetization data we find values
the exchange interactionJ of roughly 50 meV and for the
DM interaction of roughly 0.3 meV. The latter result depen
on our assumption of a moment of 0.5mB per dimer. Finally,
we find that our experimental value for the ratioD/J'3
31023 is approximately equal toDg'531023 from elec-
tron spin resonance~ESR!,30 in agreement with the theoret
cal relationDg'D/J .
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APPENDIX A: HYPERFINE TENSOR SYMMETRY

We use the outer13C shift tensor at site A1 as our refe
ence. Starting with the tensor as defined in the molec
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basis, given in Sec. III A, we transform into the crystal ba
to obtain

KA15S KA1
aa KA1

ab KA1
ac

KA1
ba KA1

bb KA1
bc

KA1
ca KA1

cb KA1
cc
D 5S 240.2 142.3 301.9

142.3 164.3 231.4

301.9 231.4 345.3
D ,

~A1!

where the values are in ppm. Note that all of the compone
are positive. TheĜ operator takes A1 into A2 and B1 int
B2, reflecting across theâ-b̂ plane and changing the sign o
the ĉ components in the process. TheR̂ operator reflects A1
with B1 and A2 with B2 in theâ-ĉ plane, changing the sign
of the b̂ components. The resulting tensors are as follow

KA25S 240.2 142.3 2301.9

142.3 164.3 2231.4

2301.9 2231.4 345.3
D , ~A2!

KB15S 240.2 2142.3 301.9

2142.3 164.3 2231.4

301.9 2231.4 345.3
D , ~A3!

KB25S 240.2 2142.3 2301.9

2142.3 164.3 231.4

2301.9 231.4 345.3
D . ~A4!

APPENDIX B: RELATING MICROSCOPIC AND
MACROSCOPIC PARAMETERS

Here we present the relations that allow us to conv
from microscopic parameters (J, DJ, D12, S) to the macro-
scopic parameters (A, K, D, M ). In these equationsnu
'3.131020 cm23 is the density of unit cells andZ54 is the
number of nearest neighbors:

M1(2) l52nugmBS1(2) l , ~B1!

A5
Z

2~gmB!2nu

J, ~B2!

K5
Z

2~gmB!2nu

DJ, ~B3!

uDl
i u5

4

~gmB!2nu

uD12
i u. ~B4!

APPENDIX C: DM VECTOR SYMMETRY

In this appendix we begin with the symmetry analysis
the DM vector at the level of the macroscopic molecul
field energy of Eq.~6!. While this analysis relies on the
molecular-field approximation, it brings us directly to th
constraints on the macroscopic DM vector. A similar analy
2-7
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can be carried out at the microscopic level of Eq.~5!, making
no assumptions about the nature of the ordering. These
croscopic results are consistent with the macroscopic res
and while the analysis will not be shown, the resulting co
straints are presented in the final section of this appendi

1. Glide operator Ĝ
For the analysis of the macroscopic DM vector, we be

with the glide operatorĜ, which takes the1 sublattice of a
given plane into the2 sublattice of the same plane. SinceĜ
involves a reflection in theâ-b̂ plane and the spins~and
therefore magnetization vectors! are pseudovectors, theâ
and b̂ components of the spins change sign under the gl
but theĉ component does not~in contrast to the effect ofĜ
on a vector, for which only theĉ components would chang
sign!. This analysis holds for both the A and B layers, so
have omitted the subscriptl below.

The DM interaction betweenM1 andM2 is

EDM5D•~M13M2!

5D•@~M 1
a ,M 1

b ,M 1
c !3~M 2

a ,M 2
b ,M 2

c !#

5Da~M 1
b M 2

c 2M 1
c M 2

b !1Db~M 1
c M 2

a 2M 1
a M 2

c !

1Dc~M 1
a M 2

b 2M 1
b M 2

a !. ~C1!

After applying Ĝ we obtain

EDM8 5D•~M28 3M18 !

5D•@~2M 2
a ,2M 2

b ,M 2
c !3~2M 1

a ,2M 1
b ,M 1

c !#

5Da~M 1
b M 2

c 2M 1
c M 2

b !1Db~M 1
c M 2

a 2M 1
a M 2

c !

2Dc~M 1
a M 2

b 2M 1
b M 2

a !. ~C2!

The invariance of the energy underĜ implies that the DM
interaction between these two independent spins will also
invariant under the transformation. ThusEDM5EDM8 which
implies that

Dc50. ~C3!

2. Reflection operatorR̂
R̂ reflects the system in theâ-ĉ plane. We consider two

pairs of sites related by such a reflection, sites A1 and A2
the A layer and sites B1 and B2 in the B layer, as in Fig.
Sites 1 and 2 represent the1 and2 sublattices, respectively

The DM interaction involving these four spins is

EDM ,AB5DA•~MA13MA2!1DB•~MB13MB2!

5DA•@~MA1
a ,MA1

b ,MA1
c !3~MA2

a ,MA2
b ,MA2

c !#

1DB•@~MB1
a ,MB1

b ,MB1
c !

3~MB2
a ,MB2

b ,MB2
c !#. ~C4!
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R̂ exchangesMA1 with MB1 and exchangesMA2 with
MB2 . The reflection also changes the sign of theâ and ĉ
components of the magnetizations. The transformed exp
sion is

EDM ,AB8 5DA•@~2MB1
a ,MB1

b ,2MB1
c !

3~2MB2
a ,MB2

b ,2MB2
c !#

1DB•@~2MA1
a ,MA1

b ,2MA1
c !

3~2MA2
a ,MA2

b ,2MA2
c !#. ~C5!

Equating the coefficients of the cross products ofEDM ,AB

andEDM ,AB8 we find

DB
a52DA

a ,DB
b5DA

b ,DB
c 52DA

c . ~C6!

3. Microscopic results

Here we present the constraints on the microscopic D
vectors. FromĜ we find

D23
a 52D12

a ,D23
b 52D12

b ,D23
c 5D12

c . ~C7!

From the inversion operator,Î, we find

D2552D12,D4252D23. ~C8!

Finally, from R̂ we find

DB1,B2
a 52DA1,A2

a ,

DB1,B2
b 5DA1,A2

b ,

DB1,B2
c 52DA1,A2

c . ~C9!

When taken in the context of the molecular-field appro
mation, these constraints provide the same information as
analysis found in the previous two sections of this append

APPENDIX D: THE SIGNS OF THE DM VECTOR
COMPONENTS

Consider separately the cases ofH0i â andH0i b̂ .
~i! H0i â. We have seen that for this orientation o

analysis of the NMR data requires thatSA1.2Sĉ and SA2

.1Sĉ ~Fig. 5!. We know that this ordering is such as
minimize the DM interaction, and since the spins are cant
toward2â due to the Zeeman interaction, the cross prod
SA13SA2 will be along the1b̂ axis. Theb̂ component of the
DM vector, D12

b , must therefore be negative for the DM
interactionDA1,A2•(SA13SA2) to be negative. Relating site
A1 to the1 magnetic sublattice and site A2 to the2 mag-
2-8
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netic sublattice, we find it is also true in the molecular-fie
formulation thatDA

b is negative. Equation~C6! then tells us
that DB

b is also negative.

~ii ! H0i b̂. For this orientation of the external field w
found thatSA1.2Sĉ and SA2.1Sĉ, as shown in Fig. 5.
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