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The authors reporf3C NMR and magnetization measurements on the magnetic state of oriented single
crystals of the organic superconducte¥(BEDT-TTF),Cu N(CN),]Cl. To understand these data a spin
Hamiltonian based on thenmasymmetry 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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[. INTRODUCTION Further experiments on the magnetic ordering of the ClI
andd-Br salts have generally upheld the picture proposed by
Much work has gone into understanding the mag-Miyagawaet al. The torque magnetometry data of Pinteric

netic and superconducting properties of et al*® confirmed that the easy axis was alomgnd noted
k-(BEDT-TTF),CUN(CN),]X (X=Br,Cll) (Refs. 1-3  thatin low fields the weak ferromagnetic canting away from

and related systems of quasi-two-dimensional organic CONte easy axis was towamdand nota. Later 3C experiments
ductors. These systems consist of insulating layers of polyc-)f Miyagawa, Kawamoto, and Kanoi£° on thed-Br salt

QEBST?E?;M“TQ VY“%E%T#%L”% Iaye][ts of bdbime_rs OJ theagain found commensurate ordering and identified some con-
) molecule] -TTF, hereafter abbreviated as gy aintg on the high-field ordering of the electronic spins

ET, is bigethylenedithigtetrathiafulval While th t - . s
's bigethylenedithiotetrathiafulvaleng While the nature when the external field is applied along theaxis.

of the superconducting state has been dispysse, e.g., _ . .
P g pu g The recent antiferromagnetic resonarié&MR) experi-

Refs. 4 and § many researchers have suggested on the basis :

of experiment that the order parameter is anisotropic witHﬁentS of OhtE_Et al'z_l and ltoet al** have_ sugges_ted _sllghtly
nodes in the gap, and comparisons to the Highsupercon- different configurations for the rpagnetlc ordering in the ClI
ductors have been mafie® The interplay between supercon- Salt. Instead of an easy axis alongOhtaet al. found easy-
ductivity and antiferromagnetism in these systems is of parPlane anisotropy with an easy plane that was tilted 35° from
ticular interest, as antiferromagnetic spin fluctuations havéhe a-c plane. Itoet al. were not able to fit their angle-
been proposed as a mechanism for the supercondu@ﬁ‘&'f‘ty_ dependent AFMR data for the Cl salt to the standard theory,
A thorough characterization of the magnetic state may proand they interpret thetl-Br data as showing the easy axis to
vide a basis on which to develop such theories. While theye 3.

presence of antiferromagnetic fluctuations is seen in several In this paper we provide a microscopic framework for
of the x-(ET),CUN(CN),]X compounds, two that exhibit understanding our data and show that it helps to explain the
antiferromagnetic ordering are tixe= Cl salt and the deuter- results of these previous experiments.

atedX=Br (d-Br) salt. In this paper, we use a combination

of NMR and magnetization measurements to find the mag-

netic structure of th&X=Cl salt and show the key role of the Il. EXPERIMENT
Dzialoshinskii-Moriya (DM) interactio*~® in producing
the magnetic structure. A. NMR

,The Cl salt is an ambient-pressure antiferromagnet with a For the NMR data a 0.78-mg single-crystal sample of
Neel temperature of 27 Kunder pressure, however, it be- k-(BC,-ET),CU N(CN),]Cl was used® This sample is la-
comes a superconducfprThe initial magnetization study of peled with 13C isotopes at the two “central” carbons of the
Welp et al® identified the antiferromagnetic nature and de-gT molecule, as explained by De Sotbval?* The central
tected the presence of weak ferromagnetic canting. The suBarbons are located in the region of highest density for the
sequent magnetization antH NMR data of Miyagawa conduction band electrons. The data presented here were
et a'-li determinedTy to be 27 K, identified an easy axis taken in superconducting magnets with fields of 8.3 and
alongb through the presence of a spin-flop transition at ap-11.74 T. A Macor sample mount was used. The spectra were
proximately 0.3 T, and suggested that the ordering was conpbtained with the spin-echo pulse sequence. Further details
mensurate with the dimer structure. can be found in Ref. 24.

0163-1829/2003/68)/0245129)/$20.00 68 024512-1 ©2003 The American Physical Society



DYLAN F. SMITH et al. PHYSICAL REVIEW B 68, 024512 (2003

B. Magnetometry 154 ': :' T T T T T T ]

The high-field magnetization data were taken on a { = %" T, i 1

16.1-mg single crystal of«-( 2*C4-ET),CU N(CN),]CL.%® 1.0 = .

The measurements were made with a Quantum Design Mag- ] % ]

netic Property Measurement SystésPMS) magnetometer, 05'_ . i

which uses a second-order gradiometer superconducting de- Tf 0o i R

tection coil. The field range was from7 to +7 T at a s | ¥ ]

temperature of 5 K, well below the transition temperature of E -05 I .
T,_\,=27 K. The _sa_mple holder was a plastic drinking straw & T = Hla

with a Mylar strip inserted. 1.0+ a o Hlb| ]

15 B }I v Hlc| ]

] _ v b ]

lll. RESULTS 204 ¥ T ]

A. NMR 0 l 1I0 l 2I0 l SIO l 4I0 l 50

. . T t K
As explained in De Sotet al,?* when at room tempera- emperature (K)

ture with an arbitrary orientation of the external field, a F|G. 1. Resonance frequency of the outer line of the ceftel
k-(Y3C,-ET),CU N(CN),]CI sample will produce 16 differ- as a function of temperature at 8.3 T. The error bars represent the
ent 13C resonance lines. These 16 lines arise from thredinewidth.

sources of splitting. First, the manner in which the dimers

for_m causes the two central ca_rbons In a given molecule t@roportional to the applied field, we have found that below
exist in slightly different chemical environments. We call T the shifts are largely independent of the applied field for
these two distinct sites the inner and outer sites, and thejjg|ds ranging from 9.4 T down to 2 T. This reinforces the
provide a factor of 2 in the number of lines. Second, the foulinterpretation of the shifts as arising from spontaneous mag-
inequivalent dimer orientations in a unit cell lend a factor of netic ordering. Also, we find spin-lattice relaxation results

4 to the number of lines. Third, a nuclear dipOlar Spllttlng that are similar to those reported by Kawametca|_,27 in-
between the two centra®C nuclei provides a factor of 2. ¢jyding a peak in the relaxation rate néay.

Following De Soteet al, we measured the room-temperature
13C Knight- (spin9 shift tensor from an angular study of the
resonance line positions in the 11.74-T magnet and found the Our low-field data H<1 T) for the magnetization as a

B. Magnetometry

following: function of applied field, though not included in this paper,
_ ‘ , are consistent with the data of Miyagae®al.!’ including a
Kspln Kspln Kspm a . .. n~ .
XX yy 2z spin-flop transition at 0.25 T fok|b. In Fig. 3 we present
Inner  —70+20 —141+20 41920  7.9%0.8°  magnetization data for fields up to 7 T for the field along
Outer 5110 —18+=10 70410 —0.9°£0.1° each of the crystal axes. The background magnetization

MpackgrounaWas found by measuring in the absence of the
8ample. The data shown are just the spin magnetic moment
of the Sample: Mspin:Mmeasured—Mbackground—Mcore-

where « is the angle by which the principle axes of the
hyperfine tensor deviate from the molecular axes and th
shifts are given in parts per milliogppm). These results are
quite similar to those for the Br salt, which is not surprising,
as the structural differences between the Cl and Br salts are
minute. toq MEMEE g 1

The resonance frequency of the outé€ site is shown as ] " ]
a function of temperature in Fig. 1 for three orientations of osd = = . % ]

=]
L

the external field at 8.3 3 The corresponding data for the
inner site are shown in Fig. 2. Note that while the shifts of
the resonance lines described above are present ahpyve
their differences are imperceptible on the scale of the plot.

The significant features of these data are the large shifts at = |

i T

low temperatures with onset ned@g, and the lack of any ] A
splitting at low temperatures save for the splitting between 4
the inner and outef3C. The latter is remarkable, as addi- 104
tional splittings from the four inequivalent sites would be
expected for arbitrary orientations of the antiferromagnetic S S S
sublattice moments. The absence of this splitting in the mag- Temperature (K)
netic state puts stringent constraints on the electron spin or-
dering, as discussed later. FIG. 2. Resonance frequency of the inner line of the centel

An additional property of the frequency shifts that is notas a function of temperature at 8.3 T. The error bars represent the
shown in these data is that, although abdygthe shifts are  linewidth.
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e e e B —T T T T There are four inequivalent dimer sites in the unit cell: Al
] and A2 in layer Aand B1 and B2 in layer B. The space group
of the crystal isPnma which gives us the symmetry opera-

i tions that describe how these sites are rel&tethe first

symmetry operation is a glio@, which involves a reflection
across the-b plane and a translation gfthe unit cell along

a . This operation takes one dimer site in a given layer into
the other dimer site, e.g., AAA2, A2—A3. In Fig. 4 the
glide planes are represented by the dashed lines. The other
. two symmetry operations are a reflection across dhe
] plane,R, and a diagonal glide in the-c plane,D. HereR
takes a site in one layer into the corresponding site in the
008 +———————T—— 17 other layer, e.g., AL-B1. D is a composition ofj and R
Applied Field (Tesla) and so will be ignored. There is also an inversion operafor
which arises because the dimers are centrosymmetric.

0.06 4
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FIG. 3. Spin magnetization as a function of fielts-5 K.

. " . . . B. Electron spin ordering
Following Welpet al.”™® we use a diamagnetic core contribu-

tion of yogre= —9.1X 107 emuleri. The absence of any further splittings of the resonance

frequency lines in the magnetic state constrains the possible

orderings that we should consider. These constraints are
IV. DISCUSSION found through analysis of the nuclear spin Hamiltonian,

A. Crystal structure and symmetries which in the antiferromagnetic state is dominated by the Zee-

) . man and nuclear-electron spin interactions. Here we present
Our analysis of the system relies on knowledge of thee 1yclear spin Hamiltonian for a given site
symmetries of the crystal. Figure 4 shows several dimer sites

in two adjoining layers. Hi=Hzeeman + Hspin,i

’\S(ET)Z =—yahli-Ho+1i- A §
Al A3 A .S
/cg é — i AS
Ry aaruya Yafili-| Ho yohh
% E_J’nﬁfi'l:leff,i ) 1)
/4 /AS - where fi andéi are, respectively, the nuclear and electron
® @ spin operators at site We defineﬂeff,i to be the effective
o /L /S field perceived by the nuclear spin at site
If the Zeeman term dominates the hyperfine interaction
! X with the field applied along the axis, then to first order the
A a . o Y R
b nuclear spin Hamiltonian is given by
A 1
/@; y Hi= =y l{f| Ho— - (AT°ST+ APPS+APSY)
\ E_?’nﬁiiaHgff,i’ 2
@BZ R
=S\ where we have replaced the electron spin opel@iwith the
o 4 @BS thermal average expectation valSe
/ / As mentioned, there are four inequivalent dimer sites in
-/ the crystal, not including the inner-outéfC distinction.

These sites can be related by fi@nd R symmetry opera-

tions, and thus the shift tensors of the different sitean be
FIG. 4. A schematic diagram showing various sites in two ad-related through the appropriate transformations. This is done
jacent layers. The pairs of dark lines represent the ¢Efiipers, the  in Appendix A.

circles represent the electron spins, theand — labels represent Given the relations between the hyperfine tensors at each
the two magnetic sublattices, and the dashed lines represent tiséte, we can determine the electron spin configurations that
planes of glide symmetry. will present a single resonance frequency: i.e., the spin con-
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figurations for which the effective field is the same at all four ., L,
unit cell sites(since the effective field determines the reso- /Al /Al
nance frequency through;= y,He¢;). This analysis is car- 71/ 71/
ried out with the understanding that the NMR data were o i\ ® o i\
taken in a field of 8.3 T, well above the spin-flop field. At H, \AZ H, \AZ
fields below the spin-flop field the anisotropic exchange in- |  ——= e T
teraction wins out over the Zeeman interaction, pinning the ¢ |LayerA ¢
spins along the easy axis Above the spin-flop field, how- AI_.‘; Al_.a

. . . . . b N b N
ever, the Zeeman interaction is greater than the anisotropic /131 /IBI
exchange interaction, and assuming that the isotropic ex- /
change interaction is much larger than the other interactions 71/ AN

perpendicular to the external fieldn alignment most advan-
tageous for the Zeeman interactijpmegardless of the spin Layer B Layer
orientation. The spins will also exhibit a slight canting to-
ward the direction of the external field, as discussed later, but o _ _ R
this can be ignored for the purposes of the analysis we are F!G- 5. Depiction of electron spin orderings felg|a (left) and
about to give. Hollb (right).

As an example of how the analysis works, consider the
case OfHo”a. Above the ASBin'ﬂOp field the SpinS will be (|||) HOHE The Spins can lie anywhere in tfﬁeB p|ane_
oriented somewhere in thHe-c plane. If the spins are along There is ferromagnetic interplane ordering if the spins are
b, then we find the following effective fields at sites A1 and along thea axis and antiferromagnetic ordering if the spins

(supported by our datathe spins align in a direction roughly \133\2 \I:\Z
,,,,,, i;i

AZ: 1 are along theb axis. The interplane ordering is more com-
Hefrar=Ho— ﬁAigsxbu’ 3 plicated for an arbitrary orientation of the spins in thd
n lane.
while the effective field at A2 is P
_ bab . N :
Hefra2=Ho— yn—ﬁAfxzsAz Here interplane ordering is taken to be the relative order-

ing of Al to B1 and A2 to B2—i.e., nearest neighbors across
the polymer layer. Note that we have shown that the charac-
ter of the interplane ordering changes with the orientation of
the external field.
_ i abgb We do not include here a quantitative analysis of the line
=Ho+——Ax1Sa1; 4 o ; ; o

Ynlt shifts in the magnetic state as Miyagaegal =~ have done

where we have usedf3=A3? (from Appendix A andS},  for H,|c, using the room-temperature hyperfine interaction
= — S}, (antiferromagnetic alignment of neighboring spins tensors. While such an analysis provides a value for the
ThusHea1#Hefra2 and we would find two distinct reso- dimer moment, we have found that the dimer moments thus
nance frequencies, contrary to our findings. Therefore, théound vary considerably from one orientation of the mag-
electron spins cannot haveﬁacomponent. Further analysis netic field to another. In addition, the values produced from
shows that the condition of a single effective field for the twothe outer-site data are not consistent with those of the inner-
sites can be satisfied if the electron spins lie alongrthgis. ~ Site data. We suspect that the room-temperature hyperfine
Similar constraints hold for the ordering between the planesl€nSOrs may not apply in the magnetic state, with the inner
Carrying out this analysis with all possibilities for orien- [€NnSOr undergoing more of a change than the outer tensor.
tations of field and electron spins, we reach the following/OWeVer, we note that our results show roughly a moment of

conclusions about the ordering of the electron spins for fieldS-5«s Per dimer, consistent with the result of .4 per
above the spin-flop field dimer found by Miyagawat al."" This assumption of 055

per dimer will be used in the following analysis.

1
AR (—SR)

:H —
0 Yol

(i) Holla. The spins are roughly oriented along thexis
(some small degree of canting will be preget finding in

agreement with Miyagawat al?° In particular,Sy;= — Sc C. Model involving the DM interaction

and Sy,=S¢ where |S/=S. We find thatSy=Ss; and Having determined the magnetic ordering of the system

Sa2= Sg, SO that there is ferromagnetic ordering between g, fie 5™ ahove the spin-flop field, we now turn to under-
pIar.lles. ThJS °rde“”9 's depicted in F'?' 5'. o standing the cause of the ordering. The magnetization data
(i) Hollb. The spins are along the axis, again with  syggest that a model for this system must minimally include

Sp1=—Sc and Sy,=Sc For this field orientation,Sy;  an exchange term, a DM ter(to account for the cantingan
= —Sg; and Sy,= — Sg,, giving antiferromagnetic ordering anisotropic exchange tertto account for the easy ayjsand
between planes. This is shown in Fig. 5. a Zeeman term. Such a spin Hamiltonian is the following:
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Hspin=Hisot Hom+ Hanist Hzeeman As we will now show, the constraints on the DM vectors,
) L Egs. (7) and(8), are consistent with the magnetization data
_ & & & oé and provide an explanation for the unexpected NMR results.
=7 -Spt5 Dnm: (S, X ) . .
;r:n ShSm 2 nEm nm (SnX Sin) Starting with the latter, we first note that the NMR data were

taken at 8.3 T, well above the spin-flop transition. As dis-
L= AﬁASﬁﬁgMBH-E 8. (5) cussed (_earller, in this regime the electrgn spins are nearly
2 im n perpendicular toH, and still largely antiparallel to each

Note that since the dimers should be spinwe have chosen other, but there will be a slight canting towarj due to the

the anisotropy term to be anisotropic exchange between pai}gflugnce Of_ the deman Interaction.
of ions, rather than a lowest-order single-ion anisotropy _CIVen this configuration, we propose that the DM term
term, which vanishes for spih (Ref. 29. will d_etermlne the or|entat|0n_ of the_spms in the plan_e per-
Using our microscopic spin Hamiltonian, EG), we can pendicular t_o the exte_rr_wal field, with the Qmsotroplc ex-
derive an expression for the macroscopic energy in terms dfhange having a negligible effect. We provide support for
the magnetization vectors of the magnetic sublattices using &IS assumption later, but now proceed with this assumption
molecular-field approximation. We ignore the weaker inter-and descnt_:;e an analysis of the.electron spin orientations for
layer exchange couplings and include only the nearesﬂihe three dlrectllons of gxternal field. C_entral to our reasoning
neighbor intralayer couplings. The differences between the AS that the DM interaction favors canting of the electron mo-
and B layers necessitate separate terms for the two layers, §§Nts in a plane perpendicular to the DM vector and that the
we use the subscripto indicate the layer. The two magnetic DM vector is nonzero only for tha and b directions. To
sublattices are represented by the symbeland —, so that facilitate the explanation we introduce the staggered moment
+ and — will refer to lattice sites, not to spin orientations. M|T=(M+|—M_|)/2 and the ferromagnetic momemil,F
Note that as shown in Fig. 4, sites 1, 3, 4, and 5 are associ=(M ,,+M _|)/2. For antiferromagnetic ordering in the ab-
ated with the+ sublattice and site 2 with the sublattice. sence of any canting only the staggered moment will be
However, as we will show, the ordering between layers is nopresent. A ferromagnet moment develops when canting is
fixed but depends on the orientation of the external field, s@resent.
that the+ () sites in the A layer do not necessarily have the (i) H|a. Here the moments cant towaad so thatM | is
same orientation as the (—) sites in the B layer. alonga andM| lies in theb-c plane. SinceDf=0, M| will

The resulting energy expression is ~ ) )
be alongc to take advantage of DM interaction through the
nonzeroDP . And since, from Eq(8), D} and D} have the

EZIZEAB (2AM ;1 |*M Dy (M XM ) same signML and MJ,; will be parallel and ferromagnetic
' N interplane ordering will occur.
+2KMIMZ =M - Hp—=M_;-Hy). (6) (i) Holb. Mf is alongb and M| is in the a-c plane.

HereM . _y represents the magnetization of th¢—) sub- ~ Again, M/ will be alongc sinceDf=0 andDf'#0. In this
lattice at the layet, A is the isotropic exchange parameter, case, howeveM § andM{ will be antiparallel aD3 andD§
andK is the anisotropic exchange parameter. The equationigave opposite signs, so that antiferromagnetic ordering inter-
relating the microscopic parameters of E§). and the mac- plane will occur.
roscopic parameters of E(F) are provided in Appendix B. (i) Holc. M is alongc and M/ is in the a-b plane.

In this form, we can show that symmetry of the systémMgjnce the DM vector is also in theb plane, the spins will
puts several constraints on the DM vectors, derived in Ap

pendix C. From the intralayer symmeiithe glide operation lie in the a-b plane in a direction perpendicular to the full

; DM vector.
we obtain The spin configurations that we have found to be energeti-
DE=0{1=A,B} ) cally favorable for the DM interaction are the same as the

experimentally determined configurations found in our dis-
and from the interlayer symmetiighe reflection operation cussion of the hyperfine tensors, allowing for the yet unre-
we obtain solved ambiguity in the orientation fdtlg|c. An important
feature is that the DM interaction also explains the change in

Dg=- Di,Dg= DR' ® interlayer ordering from ferromagnetic to antiferromagnetic
From Eq.(7) it follows that as we change the field orientation fromto b. Thus the
interlayer ordering is not determined by the interlayer ex-
IDp|= (D2)2+(DA)2. (9) change interaction, but by the external field and the intra-
layer DM interaction.
Equation(8) shows that knowin@®, , we knowDg, and that Having shown that our model gives a qualitative explana-

|Dal=|Dg|. We proceed usind,, (the interaction vector tion of the NMR results, we will now apply it to the high-
between sites A1l and A2o represent the DM interaction at field magnetization data of Fig. 3. Using E®), we obtain
the microscopic level anbD, to represent the DM interaction the following result for the net magnetization in low tem-
at the macroscopic level. peratures and high fieldsvell above the spin-flop field
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TABLE |. Parameters determined by the high-field magnetiza- -
tion data of Fig. 3 fit with Eq(10). Both microscopic J, D;,) and /
macroscopicA, D,) parameters are given. Aresult of “-” indicates Al
that the particular orientation of the magnetic field does not provide /N
any information about that parameter. @ Ax
- - - 7 D\
Hid  HlB M i, BN 2
J (meV) 57+3 43+6 49+ 2 b |LayerA
D3, (x10 °eV) - 9.7+0.5 -
|D%,| (x107° eV) 20+2 - - 2 :
D33l (X107° eV) - - 32+ 4 _7;3_1 _____
A(X10°) 1.690.08  1.3:0.2  1.45:0.06
[D4] (x10% - 0.6+0.3 - Y A
|DB| (x10% 1.2+0.1 - - D, ‘\:x
[DA| (x10% - - 1.9+0.2 /
B2
_ Layer B
IDalMo+Ho
MF(Ho)= ————, (10 i in orderi
A FIG. 6. Depiction of DM vectors and electron spin ordering for

Hollc.

= i imb N
wheﬂre fOFH0”a' DAl =ID3l, for Ho|[b, [D}|=|D3, and for With these values for the DM vector components there is
Ho||C'. |DAl=[Dal, as e>éP|ainF9d akgove. In deriving this eX- enough information to describe the ordering of the electron
pression we have uséd™ =M, + Mg and the fact that every = gpins for the case dfiy|c. In Appendix D we use the results
dimer has four nearest neighbors in the plane. Based on oWt our NMR line shift analysis to show th@2 is positive,

assumption of 0pg per dimer, we use Mo b g negative, D2 is negative, and? is negative. SD,

=1.45 emu/cm. S—1.2 a—1.20
emu/c =(0.6a—1.2b) X 10* andDg=(—0.6a—1.20) X 10°. Given

From a linear fit to the high-field data ™" vs H, using hat th ; i ori dicul he DM .
Eg. (10) we obtain the results shown in Table |, presented innat the spins will orient perpendicular to the vector in

terms of both microscopic and macroscopic parameters. Thetich a way that the canting towaccbroduces a cross prod-

values forD;, and D, depend on our assumption of a mag- Uct M XM_; in the direction opposite to the DM vector,

netic moment of 0.ag per dimer, but the values farandA  the ordering will be as shown in Fig. 6.

do not. The previous analysis rests on the assumption that the
We now present several arguments to suggest that the vaRM interaction is stronger than the anisotropic interaction.

ues shown in Table | are reasonable. First, from theory wd© support this claim we note without proof that our energy

expect to find thaD ,/J~Ag (Ref. 29. Indeed, our result €xpression, Eq(6), leads to the following expression for the

of |[D28]/J=(6.6+0.7)x 10 3 is of the same order of mag- SPin-flop field:

nitude as theAg values found by Kubotat al.*® Ag~5

x 10" 3, Second, note also that our measured susceptibilities

are in the range ofy=(5.9-7.7)x10 " emu/cni or

(2.8-3.7)x10 % emu/mol. These values are in agreement

with the stated value of=2.96x 10”4 emu/mol from Ohta We have found that the spin-flop field is approximately 0.3 T.

et al®! Third, from Eq.(9) we can relate the three results for Using our results foD3, D}, andA from Table | we esti-

D, . The data foH,|c provide us with a direct measurement mate thatK~12, a factor of 18 less thanD,. Thus our

of |Dpl, giving (1.9+0.2)x 10*. From the data foHollé and assumption that the anisotropic exchange interaction is much

b we obtain DAl = (D2)7+ (DB)2= (1.3+ 0.2)x 10", weaker than the DM interaction i§ self-consistent.

These two results do not differ greatly, and the discrepanc The mpdelr_also helps to explr_;un the torque magnetometry
. : 9 Y, . SCrePanCyata of Pintericet al8 They confirmed that the easy axis is

might be explained by the effects of the anisotropic interac- ~ ) .

tion, which we ignored in deriving Eq10), or the uncer- along b and fognd that belowA the spin-flop transition the

tainty related to the large background sigh8acigroundthat spins cant along but not alonga. As they notedA, this cant-

we subtracted out in obtaining the data of Fig. 3. Note thaing can be explained by a DM vector that hasaeanompo-

we cannot give a value for the magnitude of the rpicroscopicnem but noc component. Considering the symmetry rules

parameter|D,,|, since at the microscopic level tiecom-  described by Moriya? they focused on the interplane sym-

ponent is nonzero and we have no informatiorDdp. How-  metry and showed that the interplane DM ved(ibie vector

ever, we do have a measurement of the projectidd;ginto  that describes the interaction between dimers on adjacent

the a-b plane,D35. planes must be in thea-c plane. However, the interplane

1
Hyi=7[IDA|+(DD)?-2(DR)?+ 16AK]. (1)
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DM vector is not constrained to be alomg and the inter- basis, given in Sec. lll A, we transform into the crystal basis
plane DM interaction will be much weaker than the intra-to obtain
plane DM interaction, as the exchange coupling between

aa ab ac
planes is much weaker than the exchange coupling between Kar Kai Kas 240.2 142.3 301
adjacent dimers in the layer. Our symmetry analysis provides K, = | K& KR K& |=| 142.3 164.3 231.
a stronger explanation for their results, as we have shown ca cb cc
that in a molecular-field model the dominant intraplane DM Kar Kap Kap 301.9 2314 345.(A1)

vector does not have @component. _
Some preliminary analysis indicates that this model maywhere the values are in ppm. Note that all of the components
also prove a success at describing the AFMR data of ®hta are positive. Thej operator takes Al into A2 and B1 into

al. 2t B2, reflecting across tha-b plane and changing the sign of
thec components in the process. Tﬁ'eoperator reflects Al
V. CONCLUSION with B1 and A2 with B2 in thea-c plane, changing the sign

We have provided a description of the electron spin orderpf the b components. The resulting tensors are as follows:

ing, above the spin-flop field, th”a}t is consistent with our 240.2 1423 —301.9
NMR data. With the exception @i c the NMR data lead to _
an unambiguous assignment of ordering to the electron spins. Kno=| 1423 164.3 23l4l, (A2)
We find the interesting result that the nature of the interlayer —301.9 —231.4 3453
ordering depends on the direction of the applied magnetic
field. 240.2 —142.3 3019
Based on an analysis of the symmetry, we have aIS(_) de- Key=| —142.3 1643 —231.4| (A3)
scribed a model that explains the observed electron spin or-
dering. Central to the model is the DM interaction and the 301.9 -231.4 3453

observation that crystal symmetry requires thatdtewmpo-
nent of the DM vector be zero between neighboring sites in 240.2 —142.3 —301.9

the molecular-field approximation. Combined with the high- Kgo=| —142.3 1643  231.4|. (A4)
field magnetization results for the DM vector valugsble —~3019 2314 345,

), this model also allows us to remove the ambiguity in the
Holc ordering(Fig. 6).

From the high-field magnetization data we find values for
the exchange interactiod of roughly 50 meV and for the
DM interaction of roughly 0.3 meV. The latter result depends Here we present the relations that allow us to convert
on our assumption of a moment of @5 per dimer. Finally, from microscopic parameters,(AJ, D,,, S) to the macro-
we find that our experimental value for the raidJ~3  scopic parametersA, K, D, M). In these equations,,

x 10 2 is approximately equal tdg~5x10"2 from elec- ~3.1x10%° cm™2 is the density of unit cells and=4 is the
tron spin resonancéESR),* in agreement with the theoreti- number of nearest neighbors:
cal relationAg~D/J .

APPENDIX B: RELATING MICROSCOPIC AND
MACROSCOPIC PARAMETERS

M-y = —NuOmeSt(—), (B1)
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In this appendix we begin with the symmetry analysis of

APPENDIX A: HYPEREINE TENSOR SYMMETRY the DM vector at the IeveI. of the macroscopic molecular-
field energy of Eq.(6). While this analysis relies on the

We use the outeltC shift tensor at site A1 as our refer- molecular-field approximation, it brings us directly to the

ence. Starting with the tensor as defined in the moleculaconstraints on the macroscopic DM vector. A similar analysis
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can be carried out at the microscopic level of E5), making
no assumptions about the nature of the ordering. These mj- . The reflection also changes the sign of fand &

croscopic results are consistent with the macroscopic resultCbm onents of the maanetizations. The transformed expres-
and while the analysis will not be shown, the resulting con- P 9 : P

straints are presented in the final section of this appendix. slonis

R exchangesvl 5, with Mg, and exchangeM ,_ with

’ — T(—Na b _agC
1. Glide operator G Eomas=Da-L(~Mg. Mg, ~Mg.)
b
For the analysis of the macroscopic DM vector, we begin X(=Mg_ ,Mg_,—Mg )]
with the glide operatog, which takes thet sublattice of a +Dg-[(—M3, M2, —MS,)
given plane into the- sublattice of the same plane. Singe b
. . H A_A 1 X(_MafyM —1_MC7)]' (C5)
involves a reflection in the-b plane and the spingand A A A

therefore magnetization vectorare pseudovectors, the
andb components of the spins change sign under the glid
but thec component does ndin contrast to the effect of

on a vector, for which only the components would change D= _pa pl=pb pt=_p°¢ c6
sign). This analysis holds for both the A and B layers, so we B ATTBTTANTE A €8
have omitted the subscriptbelow.

The DM interaction betweeM , andM _ is 3. Microscopic results

Equating the coefficients of the cross product&gf, A
e , ' '
andEpy g We find

Here we present the constraints on the microscopic DM

Epu=D-(M . XM_ A
oM (M ) vectors. Fromg we find

=D-[(M? M2 ,MC)x (M2 MP M®)]

=DA(MEM® —MSMP)+DP(ME M2 — M2 M®) 2= ~Di2,D2= ~ D1, D5=D1,. (C7)
b _ \b .
+DY(MIM2-MIM). (€D From the inversion operataf, we find
After applyingG we obtain Dye= — D1y, D= — D, 8

Epu=D-(M_XM}) .
. - . - Finally, from R we find
=D-[(=MZ,—- M2 ,MZ)X(—=M,—M ,M7)]
=D3M2M® -MSM2)+DP(MEM2 —MiM®) D8162= ~Dassz,

—DY(MAMP —M2 M?3). (C2)

b b
D B1B2 DAZI.,AZ '

The invariance of the energy undgimplies that the DM

interaction between these two independent spins will also be DcBl,BZZ h D/CMAZ- (C9)
invariant under the transformation. This,,, = E[,, which
implies that When taken in the context of the molecular-field approxi-
mation, these constraints provide the same information as the
D°¢=0. (C3 analysis found in the previous two sections of this appendix.
2. Reflection operatorR APPENDIX D: THE SIGNS OF THE DM VECTOR
COMPONENTS

R reflects the system in the-c plane. We consider two
pairs of sites related by such a reflection, sites A1 and A2 in  Consider separately the casesHhf|a andHglb .
the A layer and sites B1 and B2 in the B layer, as in Fig. 4.
Sites 1 and 2 represent theand — sublattices, respectively.

The DM interaction involving these four spins is

(i) Hola. We have seen that for this orientation our
analysis of the NMR data requires tht;~= — Scand Sa2
~+S¢ (Fig. 5. We know that this ordering is such as to
Epm ae=Da-(Ma: XM )+Dg- (Mg, XMg_) minimize}he DM interaction, and since the spins are canting
toward —a due to the Zeeman interaction, the cross product

a b c a b c
=D, X ) f .
Da-[l(Mas My ;Ma )X (Ma— Ma—,M4_)] Sa1 X Sa, Will be along the+ b axis. Theb component of the

+Dg-[(M3. ,Mng ME.) DM vector, D'{z, must therefore be negative for the DM
A b . interactionDaj a2 (Sa1X Saz) to be negative. Relating site
X(Mg_ ,Mg_ ,Mg_)]. (C4 A1l to the + magnetic sublattice and site A2 to the mag-
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netic sublattice, we find it is also true in the molecular-field Given Canting toward_B due to the external field, the cross

formulation thatDR is negative. EquatiofC6) then tells us
that D} is also negative.

(i) Holb. For this orientation of the external field we
found thatS,;=—Sc and Sy,=+S¢, as shown in Fig. 5.

product Sy, X Sa, Will be along the—a axis and therefore
thea component of the DM vectoB$,, must be positive. It

follows thatD3 is positive and, from Eq(C6), D§ is nega-
tive.

*Electronic address: dfsmith@uiuc.edu
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