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Magnetic neutron-scattering study of MnCl2-graphite intercalation compound
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The in-plane spin order of MnCl2 graphite intercalation compound has been studied between 63 mK and 30
K by elastic neutron scattering. This compound approximates a classicalXY antiferromagnet on a triangular
lattice. Below 7.5 K magnetic critical scattering peaks are observed at wave vectors incommensurate with the
MnCl2 and graphene sublattices. As the temperature is raised, the cell contracts towards a commensurate
2A332A3 magnetic unit cell. The ground-state in-plane spin configuration is explained by an exchange
Hamiltonian that includes no fewer than three shells of nearest neighbors in the plane. The magnetic peaks
have a Lorentzian shape and are broader than resolution down to 63 mK, well below the peak in the magnetic
susceptibility at 1.1 K. No evidence of three-dimensional magnetic correlations was found at any temperature.
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I. INTRODUCTION

MnCl2 is a CdCl2-type layered material in which Mn21

ions lie in close-packed triangular layers, separated by
layers of Cl2 ions. The hexagonal unit cell contains thr
molecular units with lattice constantsa53.6934 Å ~repre-
senting the near-neighbor distance between magnetic i!
andc517.475 Å~corresponding to three times the distan
between consecutive Mn21 layers!. Despite the fact tha
MnCl2 has been studied by a variety of methods1–3 for over
fifty years, its magnetic structure is not completely und
stood.

Two interesting features, in particular, have escaped
planation. First, MnCl2 undergoes two phase transition
with Néel temperatures,TN151.96 K andTN251.81 K, that
are quite low when one considers the large magnetic
ments (S5 5

2) of the Mn21 ions. Other isomorphous trans
tion metal chlorides order at much higher temperatures@e.g.,
24 K for FeCl2,

4 25 K for CoCl2,
5 and 52 K for NiCl2 ~Ref.

6!#, despite smaller moments. Second, the two antiferrom
netic phases~betweenTN1 andTN2 and belowTN2) are char-
acterized by very large unit cells~60 and 90 atoms, respec
tively!, as reported in preliminary neutron scattering stud
by Wilkinson et al.2,3 The existence of such large cells r
quires a complicated spin Hamiltonian.

One way to simplify interpretation of the magnetic stru
ture is to reduce the interplanar interaction through inter
lation of MnCl2 into graphite. In a stage-n MnCl2-graphite
intercalation compound~GIC!, magnetic MnCl2 layers are
separated byn graphite layers in stacks along thec axis. The
interplanar exchange interaction between adjacent Mn2
layers is greatly reduced by these intervening graphite lay
while the intraplanar exchange interaction may be virtua
unchanged. In MnCl2-GIC, the intercalate layer forms a tr
angular lattice, nearly identical to that in pristine MnC2.
550163-1829/97/55~10!/6382~10!/$10.00
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Therefore, understanding the magnetic structure of the G
may shed light on the magnetic structure of MnCl2 itself.

With the c-axis coupling dramatically reduced
MnCl2-GIC may also be a suitable prototype for studying t
classical two-dimensional~2D! XY antiferromagnet on a tri-
angular lattice~AFT!.7 This model system has received a
tention from theorists because the spins in it are fully fru
trated. The ground state of the 2D AFT consists of spins
three sublattices forming 120° angles with respect to e
other ~the A33A3 spin structure!.8 Because there are tw
senses to the spin helicity, the ground state has a two
discrete degeneracy as well as anXY-like continuous degen-
eracy. Consequently, it is predicted to undergo two ph
transitions, one associated with Ising-type symmetry bre
ing and the other with a Kosterlitz-Thouless mechanism.9

The magnetic properties of stage-2 MnCl2-GIC have been
studied by dc and ac magnetic susceptibility,10–13 heat
capacity,13 electron spin resonance~ESR!,14 and magnetic
neutron scattering.15–17 A peak in the susceptibility a
Tm51.1 K suggests a magnetic phase transition. Hi
temperature susceptibility data give a negative Curie-We
temperatureQ525.94 K, indicating a net antiferromagnet
interaction and an effective magnetic moment of 5.83mB ,
close to the spin-only value 5.92 of 2@S(S11)#1/2 for S5
5
2. ESR measurements show that theg factor has a weak
anisotropy at high temperature (gc51.91260.005 along the
c axis andga51.97760.005 in the intercalate plane! that
becomes more pronounced as the temperature is lowere
low 50 K. At 300 K the ESR linewidth is given by
(3cos2f21)2, wheref is the angle between the extern
magnetic field and thec axis; this form indicates the 2D
character of this compound.14 The heat capacity of stage-
MnCl2-GIC shows no appreciable anomaly atTm , but ex-
hibits a broad plateau between 5 and 10 K presumably a
ciated with the growth of 2D spin short-range order.13
6382 © 1997 The American Physical Society
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In light of these measurements, the spin Hamiltonian
Mn21 ions in stage-2 MnCl2-GIC has been written as10

H522J(
^ i , j &

Si•Sj1D(
^ i , j &

~Si
z!222J8 (

^ i ,m&
Si•Sm , ~1!

with spin S5 5
2, where thez axis coincides with thec axis,

D is the single ion anisotropy (D50.97 K),J is the nearest-
neighbor intraplanar interaction~estimated asJ520.20 K)
andJ8 is the interplanar exchange interaction. The summ
tions are over nearest-neighbor intraplanar pairs,i and j , and
nearest-neighbor interplanar pairs,i and m. Dipole-dipole
interactions have not been included.

In a previous report15 we presented preliminary results o
magnetic neutron scattering measurements on MnCl2-GIC
between 0.6 and 20 K. We concluded there that the in-pl
spin structure belowTm was commensurate with the MnC2
lattice with a 2A332A3 periodicity. Such a structure, how
ever, is incompatible with the Hamiltonian given in Eq.~1!,
as we will show below. In order to understand the syst
better, we have undertaken further measurements on
same sample, extending the temperature range down t
mK. We show here that the magnetic reflections appea
in-plane wave vectors near, but shorter than, those for
2A332A3 spin structure. The wave vectors lengthen
wards a commensurate value as the temperature incre
suggesting that the incommensurate low-temperature s
ture ‘‘coils up’’ with increasing temperature toward a local
ordered arrangement commensurate with the MnCl2 lattice.
We discuss possible origins of this structure and concl
that the spin Hamiltonian must be modified to include
least up to third nearest neighbors in the plane.16

II. EXPERIMENTAL PROCEDURE

MnCl2-GIC samples were synthesized by heating sing
crystal kish graphite and anhydrous MnCl2 in a chlorine gas
atmosphere at a pressure of 740 Torr. The reaction was
tinued at 520 °C for 20 days. Stage fidelity of the samp
was checked both by weight uptake and by (00l ) x-ray dif-
fraction. Afterwards, about 30 of these samples were stac
together on a thin Al foil to increase the sample size. T
resulting crystal texture had ac-axis mosaic spread of 10
and random orientation in thea-b plane.

Elastic neutron scattering experiments were performed
the triple axis spectrometers BT-2 and BT-9 at the Natio
Institute of Standards and Technology. A3He cryostat was
used at BT-2 to collect data between 0.43 and 30 K, an
dilution refrigerator was used at BT-9 to extend the ran
down to 63 mK. Highly oriented pyrolytic graphite mono
chromators and analyzers, set for zero energy transfer, w
used. Incident neutron wavelengths werel52.433 Å at
BT-2 andl52.352 Å at BT-9. Graphite filters were used
eliminate thel/2 contamination after the monochromato
The collimation was 608240824082808 at BT-2 and
4082488248824008 at BT-9, giving longitudinal instru-
mental resolutions~full width at half maximum! of approxi-
mately 0.033 Å21 ~BT-2! and 0.039 Å21 ~BT-9! at the first
magnetic reflection. The energy resolution at the elastic
sition was 1.1 meV on BT-2 and 1.6 meV on BT-9, lar
enough in both cases to integrate over all critical scatter
f
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III. RESULTS

Figure 1 shows the triangular Mn21 lattice in
MnCl2-GIC. Primitive lattice vectorsa and b have length
uau5ubu53.69260.005 Å, the same as for pristin
MnCl2 (3.693 Å).18 The reciprocal lattice of MnCl2 -GIC is
shown in Fig. 2, whereaG* andbG* are reciprocal lattice vec
tors of the graphene lattice anda* and b* are reciprocal
lattice vectors of the Mn21 lattice: uaG* u5ubG* u52.952 Å21,
ua* u5ub* u54p/A3a51.965 Å21, and the angle betwee
aG* anda* is 30°.19 The MnCl2 and graphene sublattices a
incommensurate and rotated 30° from each other.

Figure 3 shows the (00l ) neutron scattering intensity at 3
K, well aboveTc . The most intense peaks can be indexed
stage-2 reflections (00l )2, with a c axis repeat distance o
d512.7160.08 Å, and to stage-1 reflections (00l )1, with

FIG. 1. The Mn21 ions in the intercalate plane of MnCl2 GIC.
The vectorsa andb are the primitive translation vectors, andJ0,
J1, andJ2 are the intraplanar exchange interactions.

FIG. 2. Reciprocal lattice plane for MnCl2-GIC. Large open
circles are nuclear reciprocal lattice vectors from the graphene
ers, small open circles are from the MnCl2 layer, and closed circles
are magnetic reflections.uaG* u5ubG* u52.952 Å21, ua* u5ub* u
51.965 Å21, anduk i u50.522 Å21 at the lowest temperatures.
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6384 55WIESLER, SUZUKI, SUZUKI, AND ROSOV
d59.4260.04 Å. Peaks are broadened by Hendricks-Tell
disorder.20 Whereas (00l ) scans by x-ray diffraction show
mostly stage-1 peaks, we find from the neutron intensity r
tio that our sample consists of 60% nominal stage-2 and 4
nominal stage-1. The difference indicates that the outside
the kish samples is predominantly stage-1, while the inside
mostly stage-2. Subtraction of the neutron data from simi
scans taken at 0.43 K shows no magnetic intensity alo
(00l ).

Figure 4 shows a scan in the in-plane wave vectorQi at
30 K in the powder-averaged@hk0# direction. The two
prominent peaks can be indexed to the Mn~100!, and G~100!
reflections, where the characters preceding the Miller indic
indicate to which sublattice the peaks are indexed. Al
present are Al~111! and Al~200! reflections from the alumi-
num sample can and (00l )1 and (00l )2 reflections, which

FIG. 3. Neutron scattering intensity at 30 K in the@00l # direc-
tion. Peaks are indexed with subscripts that give their stage num
The scattering at 0.43 K is essentially identical.

FIG. 4. In-plane neutron scattering intensity at 30 K. Peaks a
indexed to the intercalate layer, the graphene layer, or the
sample can. Because of the largec-axis mosaic spread, some
(00l ) reflections are seen.
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appear as weak powder rings along@hk0# because of the
largec-axis mosaicity.

The in-plane magnetic scattering at 0.43 K is shown
Fig. 5~a!. These data were obtained by subtracting the inte
sity at 14.85 K from the corresponding intensity at 0.43 K
Magnetic peaks are observed atuQiu50.522, 1.536, 2.05,
and 2.44 Å21. These wave vectors are consistent with th
picture shown in Fig. 2. According to this, the magnet
Bragg reflections should appear at the in-plane wave vect
Qi5ha*1kb*6k1 , 6k2, or 6(k12k2), h andk are inte-
gers and wherek i ( i51,2) are the reciprocal lattice vector
of magnetic superlattice. Assigninguk1u50.522 Å21 and
ua*2k1u51.536 Å21 from our data, the angleu between
k1 anda* is:

cosu5
ua* u21uk1u22ua*2k1u2

2uk1uua* u
, ~2!

or u53062°, as drawn in Fig. 2. The next lowest-angl
magnetic Bragg reflections are predicted to occur
ua*1k2u52.033 Å21 and ua*1k1u52.431 Å21, in good

er.

e
l

FIG. 5. ~a! Magnetic scattering along (hk0) at 0.43 K. Arrows
mark the peak positions predicted from Fig. 2.~b! Magnetic scat-
tering at 63 mK versus out-of-plane scattering vectorQc with
uQiu fixed at 0.522 Å21, its value at the first magnetic peak. Th
featureless decrease in intensity away from the origin is due
mosaicity and magnetic form factor.
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agreement with the observed values. The principal magn
wave vectork1 is therefore indexed as Mn~0.153, 0.153, 0!.
Its magnitude is slightly less than that for a commensur
2A332A3 cell, Mn~1/6, 1/6, 0!, which we reported earlier15

on the basis of a less complete data set. The origin of
incommensurate spin structure will be discussed in Sec.

The mixture of stages shown in Fig. 3 is potentially
problem in analyzing the spin structure. However, if inte
planar interactions are negligibly small in the stage-1
gions, they will certainly be so in the stage-2 regions as w
and the in-plane magnetic structure we observe should
valid for both compounds. Figure 5~b! shows the magnetic
scattering at 63 mK for a scan of out-of-plane wave vec
Qc with the in-plane wave vectorQi fixed at k1. The only
feature is a decrease in intensity away from the origin, du
the falloff of the magnetic form factor and the effects of t
large c-axis mosaic spread, which causes 2D rods to
broadened away fromQc50. More importantly, there is no
modulation of the intensity in Fig. 5~b!. This result indicates
that there is essentially no magnetic ordering between a
cent layers.

The temperature dependence of the scattering was in
tigated by a series of (hk0) scans at temperatures betwe
63 mK and 7.5 K. Representative scans are shown in Fig
in which the magnetic intensity was determined by subtra
ing analogous data taken at 14.85 K. Throughout the en
temperature range, the intensities fit well to a Lorentz
peak described by

FIG. 6. Magnetic neutron scattering intensity along (hk0) at
various temperatures. Scans are offset from each other by
counts for clarity. Least-squares fits to Lorentzian peaks are den
by solid lines.
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I 0k

p$~ uQiu2t!21k2%
2 const, ~3!

wherek is the inverse in-plane spin correlation length,t is
the peak position, andI 0 is the integrated intensity. The con
stant term represents paramagnetic scattering at 14.85 K
is assumed to be independent ofuQiu over the range of the
scan.~This negative background shows up in all the ma
netic scans and is due to the transfer of theq-independent
paramagnetic scattering into the magnetic peaks with
creasing temperature. Instrumental broadening is neglig
for all peaks.!

The solid lines in Fig. 6 are the best fits of the data to E
~3!, takingt, k, I 0, and the constant as free parameters. F
ure 7~a! shows the temperature dependence of the peak
sition t. The value oft is nearly constant at 0.522 Å21

below 0.43 K and increases rapidly with temperature in
vicinity of 1.1 K. Above Tm , t plateaus briefly at
0.532 Å21, rising again above 4.5 K toward the commens
rate Mn~1/6, 1/6, 0! position atua* u/2A350.567 Å21.

Figure 7~b! shows the temperature dependence of
peak intensityI 0 /pk at the first magnetic reflection. Th
peak intensity rises as the temperature is lowered; howe
it does not rise precipitously belowTm , as one would expec
for the growth of long-range spin order. Only short-ran
order is seen as well for the inverse spin correlation len
k, shown in Fig. 7~c!. Instead of decreasing to the resolutio
limit at Tm , it remains much larger than the instrumen
half-width, 0.016 Å21, all the way to the lowest tempera
tures. The value ofk is 0.0566 Å21 at 0.43 K, corresponding
to an in-plane spin correlation lengthj(51/k) of only
18 Å.

IV. DATA ANALYSIS

A. General theory for the low-temperature structure

Our analysis is motivated by two observations. First,
atomic structure of MnCl2 in the GIC galleries is virtually
identical to that of unintercalated MnCl2. We expect, there-
fore, that the magnetic parameters associated with in-p
interactions should be unchanged upon intercalation. A st
ing similarity between the magnetic diffraction patterns
intercalated and pristine MnCl2 suggests that our expectatio
is well founded. Two magnetic phases are observed for p
tine MnCl2.

2 When projected onto the (hk0) plane, all the
Bragg peaks in the high-temperature 235 rectangular phase
coalesce onto a pattern much like that shown in Fig. 2. T
main difference is thatk1 is commensurate at Mn~1/10,
1/10, 0! for pristine MnCl2, while for the GIC it is longer and
incommensurate, Mn~0.153, 0.153, 0!. ~The existence of six
reflections about each structural Bragg point comes ab
from the three 120° twins of the 235 magnetic cell.! In the
low-temperature phase, the projected diffraction pattern
similar, except that each of the six spots in the diffracti
halo is split into two, rotated610.9° from the original spot.

The second observation is that the spin structures of
ther MnCl2 nor MnCl2-GIC can be explained by the usu
Hamiltonian,10 and Eq.~1! must therefore be modified. Be
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6386 55WIESLER, SUZUKI, SUZUKI, AND ROSOV
cause the materials are insulating we expect only super
change and dipolar interactions to be significant. Because
the structural and magnetic similarity of the pristine com
pound to the GIC, we expect that the same Hamiltoni

FIG. 7. Temperature dependence of~a! peak positiont for the
lowest order magnetic reflection,~b! peak intensityI 0 /pk, and~c!
inverse correlation lengthk. The instrumental resolution limit for
k is 0.016 Å21.
x-
of
-
n

should suffice for both, with small modifications of intera
tion strengths reflecting their different structures along
c axis.

The addition of weak higher-neighbor exchange ter
may have a profound difference on the low-temperature s
structure. For example, Sakakibara21 has shown that the
120° spin structure withJ0,0 is unstable against an infini
tesimal interplanar exchange interactionJ8, and two kinds of
incommensurate spin structures appear according to the
of J1. Dipolar interactions, as well, can lead to incomme
surate structures, as pointed out by Shiba and Suzuki.22

We generalize the spin Hamiltonian to consist of the s
of an exchange interaction,

Hex522(
^ i , j &

J~Ri j !Si•Sj , ~4!

and a dipole-dipole interaction

Hd5~gmB!2(
^ i , j &

1

Ri j
3 FSi•Sj23

~Ri j •Si !•~Ri j •Sj !

Ri j
2 G . ~5!

Si is considered a classicalXY spin vector at site
Ri ,Ri j5Ri2Rj , andJ(Ri j ) is the exchange interaction be
tween the spinsSi andSj . The sums run over all pairs o
spins.

Alternatively, the total Hamiltonian can be written as
Fourier sum22

H52(
q
J~q!Sq•S2q1(

q
(
ab

Sq
aDab~q!S2q

b , ~6!

with

Si5
1

AN(
q
Sq exp ~ iq•Ri !, Sq5

1

AN(
i
Siexp~2 iq•Ri !,

~7!

J~q!5 (
j ~Þ i !

J~Ri j !exp~ iq•Ri j !, ~8!

and

Dab~q!5
1

2
~gmB!2 (

j ~Þ i !
Ri j

23S dab23
Ri j

aRi j
b

Ri j
2 D exp~ iq • Ri j !.

~9!

N is the number of spins, anda andb run over Cartesian
coordinatesx,y.

The exchange interactions are assumed to extend to
neighbors in the plane and first neighbors across planes
illustrated in Fig. 1. Thus,

J~q!5J0~q!1J1~q!1J2~q!1J8~q!, ~10!

whereJ8 is the interplanar exchange constant, and

J0~q!52J0@cos~2pH !1cos~2pK !1cos~2p@H1K# !#,
~11!

J1~q!52J1@cos~2p@H2K# !1 cos~2p@H12K# !

1 cos~2p@2H1K# !#, ~12!
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J2~q!52J2@cos~4pH !1cos~4pK !1cos~4p@H1K# !#.
~13!

Here q5Ha*1Kb*1Lc* . For simplicity, we assume tha
the nearest-neighbor Mn21 ions in adjacent layers are in th
same positions as for the pristine compound, i.e.,
6@(2a1b)/31c#, 6@(a12b)/31c#, and 6@(a2b)1c#.
Then the interplanar exchange interaction is

J8~q!52J8FcosH 2p

3
~2H1K1L !J 1cosH 2p

3
~2H1K

1L !J 1cosH 2p

3
~2H22K1L !J G . ~14!

Out-of-plane exchange interactions can be ignored
MnCl2-GIC, since there is no evidence of interlayer co
pling.

B. Helical spin configuration

The incommensurate magnetic wave vector suggests a
lical configuration with spins confined to the easy plane:

Sj5S@cos~t•Rj1f!x̂1sin~t•Rj1f!ŷ#, ~15!

wherex̂ and ŷ are the unit vectors in thexy-plane andf is
an arbitrary phase factor. For such a configuration,Sq50 for
qÞ6t, and the ground-state energy of the system is

UG522J̃~t!St•S2t52NS2J̃~t!, ~16!

where

J̃~t!5 (
j ~Þ i !

FJ~Ri j !1gDS a

Ri j
D 3S xi j21yi j

222zi j
2

Ri j
2 D G

3exp~ i t•Ri j !. ~17!

Following Sakakibara,21 we determine the minimum-energ
configuration by maximizingJ̃(t) with respect tot.

We expect dipole-dipole interactions to be much wea
than the exchange interaction. The nearest-neighbor s
contributes at mostgD5(gmB)

2/4a3512 mK per spin to the
dipole energy. In comparison, the mean-field approximat
predicts a Curie-Weiss temperature of

Q5 2
3 S~S11!6^J&. ~18!

With Q525.94 K for MnCl2-GIC, ^J&52170 mK, which
is much larger in magnitude than the leading dipole te
The dipole contribution will thus be a small~but non-
negligible! perturbation to the configuration dictated by e
change forces.

Bearing this in mind, we have numerically evaluated t
ground-state energy given by Eqs.~16! and ~17!, initially
ignoring terms includingJ8 and gD . For each of two
parameters—J1 /uJ0u andJ2 /uJ0u—we have determined th
position of the wave vectort that minimizes the energy
UG . The two resulting phase diagrams—one each
J0.0 ~ferromagnetic! and J0,0 ~antiferromagnetic!—are
shown in Figs. 8~a! and 8~b!. Different phases are describe
by their in-plane wave vector (H,K), referenced to the
MnCl2 sublattice. A few values ofh are shown in the
t
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r
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e
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(h,h) region, where MnCl2 and MnCl2-GIC lie ~at
h50.10 and 0.153, respectively!.

By Eq. ~16!, ]UG /]H and ]UG /]K both vanish at
H5K50.153 for MnCl2-GIC. In the absence of dipola
terms, this requires

z2521.315z123.107, ~19!

wherez15J1 /J0 andz25J2 /J0. Equation~19! is drawn as
dashed lines in Figs. 8~a! and 8~b!. Furthermore, the secon
derivatives ofUG with respect toH andK must be positive
at H5K50.153, leading to an inequality

J0~z211.171z110.017!,0. ~20!

The inequality is satisfied on the lower left side of the d
dashed lines in Figs. 8~a! and 8~b!. Comparison of Eqs.~19!
and ~20! shows that solutions describing MnCl2-GIC are
possible only forJ0.0.

The effect of dipole coupling on these phase diagram
shown in Figs. 9~a! and 9~b! for the ~rather extreme! case of
gD5uJ0u. The first figure (J0.0) is modified mostly by in-
creasing the range of stability of the (h,h) phase and by
pushing the lines of constanth to smallerJ1 and smaller
J2. The second (J0,0) is changed more dramatically, bu
the main effect is also to push lines of constanth to smaller

FIG. 8. T50 phase diagrams forJ850 and no dipole-dipole
coupling:~a! ferromagnetic and~b! antiferromagnetic near-neighbo
coupling. Phases are denoted by their modulation wave ve
(H,K), and phase boundaries are shown as bold solid lin
MnCl2-GIC and MnCl2 lie in the (h,h) region, in which several
lines of constanth are shown. The dashed line is the condition
minimum energy fort5(0.153, 0.153) after Eq.~19!; any such
solutions above and to the right of the dash-dotted line@Eq. ~20!#
are disallowed, as in~b!.
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6388 55WIESLER, SUZUKI, SUZUKI, AND ROSOV
J1 and smallerJ2. Both diagrams show regions of stabilit
for the observed GIC structure (h50.153), but only for
J2,0. We have verified this condition for all values o
gD . The results demonstrate that at least three in-plane
teraction terms are required to explain our data.

We expect the true phase diagram to be intermediate
tween Figs. 8~a! and 9~a!. Combining the numerical value
of the dipole strengthgD512 mK and the Curie-Weiss tem
peratureQ525.94 K @Eq. ~18!# yields the empirical con-
straint,

DE

J0
[z11z211114.1S gD

J0
D50. ~21!

Because of uncertainties inQ ~roughly 60.5 K), we con-
sider all solutions for whichDE is close~within 0.3uJ0u) to
zero. With this constraint, solutions forJ0.0 are limited to
gD,0.4uJ0u. As expected from the analysis above, there
no legitimate solutions forJ0,0: The minimumDE there is
about 16uJ0u.

The range of valid solutions is shown in Fig. 10, delimit
by the large quadrilateral. Values ofgD /uJ0u are shown at
some positions along the perimeter. For all legitimate so
tions,J2 is less than zero and at least as strong as the n
neighbor couplingJ0.

If the in-plane exchange terms are unaffected
intercalation,23 we may use the pristine MnCl2 data to derive
a further constraint. For each of the values ofJ0 , J1 , J2 and
gD consistent with the observed GIC result, we calculate
Eqs.~16! and~17! the minimum energy configuration for th
MnCl2 lattice ~i.e., for closer layer spacing! as a function of
interplanar coupling strengthJ8. The shaded region in Fig

FIG. 9. Same as Fig. 8, but with a dipole-dipole coupling
strengthgD5uJ0u.
n-

e-

e

-
ar-

y

a

10 is the subset of those parameters for which the energ
minimum can be made to occur ath51/10, the wave vector
for the pristine compound, by any choice ofJ8. In this region
gD5(0.1960.03)uJ0u, J856(1663)uJ0u, and J1 and J2
covary such thatJ11J25(23.960.3)uJ0u. Sets of param-
eters at various spots within both the large and small solutio
ranges of Fig. 10 are put on an absolute scale and display
in Table I.

V. DISCUSSION

A. Low-temperature structure

The most important aspect of our results is the surprisin
strength of distant neighbors in the exchange Hamiltonian
Although second-neighbor exchange interactions are som
times larger than those for first neighbors, as in the case
MnO and NiO,24 this is rare. We are unaware of any other
insulating magnetic system for which three in-plane ex

f

FIG. 10. Smaller region of the phase diagram projected onto th
J1-J2 plane forJ0 ferromagnetic. The large quadrilateral denotes
the range of solutions consistent with the high-temperature susce
tibility data and the observed modulation wave vector. The numbe
refer to representative values ofgD /J0. The smaller shaded region
denotes the subset of these solutions for which the energy minimu
would occur at the MnCl2 modulation wave vector with the addition
of a suitableJ8.

TABLE I. Representative solutions: MnCl2-GIC low-
temperature magnetic structure. The first four rows correspond
the four corners of the large quadrilateral in Fig. 10. The shade
region of Fig. 10, corresponding to solutions valid for both the
pristine and intercalation compounds, roughly interpolates the la
two rows here.

J1 /J0 J2 /J0 gD /J0 J0 (mK) J1 (mK) J2 (mK) J8-pris (K)

23.1 21.8 0.298 40 2120 270
21.9 21.0 0.114 100 2150 280
0.6 26.8 0.390 30 20 2210
0.6 24.5 0.185 60 40 2290 61.0
22.5 21.3 0.178 70 2170 290 61.0
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change couplings are required, let alone for which the th
neighbor exchange is likely the strongest. BothJ1 andJ2 are
mediated through two intervening anions in
Mn21-Cl2-Cl2-Mn21 bridge. Since the overlap of wav
functions of the neighboring Cl2 ions is small, one would
expect that both these paths would lead to negligibly sm
couplings. Yet at least one, and perhaps both, of them
stronger than the nearest-neighbor coupling.

In absolute magnitude, the second- and third-shell c
plings are not unusually large, being on the same orde~a
few K or tenths of K! as next-nearest-neighbor interactio
in other transition metal dichlorides.6,25 What distinguishes
MnCl2 from the other compounds is an unusually small ne
neighbor coupling, which gives more importance to mo
distant neighbors. For MnCl2-GIC, J0 is less than 100 mK,
in contrast with 14 K for CoCl2 @Ref. 25# or 22 K for
NiCl2.

6

What causesJ0 to be both small and ferromagnetic? Th
electron configuration of Mn21 is given byd«3dg2, where
the threefold d«(t2g) levels lie lower than the twofold
dg(eg) level. Thedg orbitals have six lobes pointing towar
near-neighbor Cl2 anions; partial covalency is manifested b
bonds involving these. Thed« orbitals have twelve lobes
each pointing 45° from the Mn-Cl bonds. Both orbitals a
sketched in the bottom panel of Fig. 11~b!.

The near-neighbor superexchange path proceeds thr
two Mn21-Cl2 bonds which, because of the octahedral c
ordination, are nearly perpendicular to each other@see Fig.
11~a!#. Such ‘‘90° superexchange’’ interactions have be
discussed by Goodenough26 and Kanamori.27 Antiferromag-
netic correlations are expected by most mechanisms.
quasidirect exchange, Mn21-Mn21 ~in Goodenough’s nota
tion! favors antiferromagnetism, since sharing of electro
between Mn21 ions is possible only if the electron spins a
antiparallel. Similarly, partial bonds can be formed betwe
either thed« andpp orbitals, thedg andps orbitals, or the
dg and s orbitals of Mn21 and Cl2, respectively. In these
cases, partial transfer of electrons from the Cl2 to each
Mn21 can be accomplished only if the Mn21 spins are anti-
aligned, leading again to antiferromagnetic coupling. T
only mechanism leading to ferromagnetic exchange26,27 is
the simultaneous transfer of electrons from a Cl2 anion from
two differentp orbitals, so that each forms a partiald«-ps
bond with nearest-neighbor Mn21 ions. Hund’s first rule fa-
vors the spins remaining on the Cl2 to be aligned, giving a
net ferromagnetic interaction between the Mn21 spins.

This effect is expected to be much smaller than the a
ferromagnetic correlations until thed« orbitals become more
than half filled,26 as for CoCl2 and NiCl2, for which ferro-
magnetic nearest-neighbor interactions are w
established.6,25 In fact, it is widely believed on the basis o
high-temperature susceptibility that the antiferromagne
term wins out for the case of MnCl2. Our results demonstrat
that this is not true: The negative Curie-Weiss temperatur
instead a consequence of the more distant-neighbor an
romagnetic terms. The low value ofJ0 we report indicates
that the terms favoring antiferromagnetic and ferromagn
superexchange are very nearly balanced.

In most of the range of solutions~Fig. 10!, J2 is stronger
thanJ1. To understand why this might be true, we first re
ognize that both interactions must be mediated throug
d
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double anion bridge involving the same anion
Mn21-Cl2-Cl2-Mn21. The reason thatJ2 is likely stronger
than J1 is that the longer path involves nop bonds. As
shown by a projection onto thea-b plane in Fig. 11~b!, two
ps-d bonds are involved in the bridge forJ2, whereas one of

FIG. 11. ~a! Schematic of the near-neighbor interaction in t
Mn21-Cl2-Mn21 plane. Two competing effects give a smallJ0:
Delocalization superexchange of thep1 electrons in a partial
s-bond with Mn #1 (dg-ps) and ap bond with Mn #2 (d«-pp,
shown by the arrows! leads to antiferromagnetic correlations. S
multaneous partials-bond formation of the Cl2 with Mn #1
(p1-dg) and Mn #2 (p2-dg) gives ferromagnetic correlations sinc
the remaining~untransferred! p electrons prefer to be aligned be
cause of Hund’s rule.~b! Projection onto the intercalate plane of th
d and p orbitals of Mn21 and Cl2 involved in the double-anion
superexchange. Black orbital lobes extend below the plane,
ones are in the plane, and white ones rise above the plane. The
Cl2 ions shown are above the plane.~All the lobes of thedg and
d« orbitals are shown in the bottom panel.! J1 requires one
dg-ps and oned«-pp bond, whileJ2 involves twodg-ps bonds
and is therefore stronger.
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the bonds must be app bond for the bridge toJ1. As men-
tioned above, the absolute size ofJ2 is not particularly large;
it becomes dominant, though, because of the fortuitous n
cancellation of ferro- and antiferromagnetic near-neigh
couplings.28

B. Other models

The analysis above has assumed a helimagnetic stru
and has attempted to explain the magnetism with the few
interactions, regardless of their relative strengths. We h
also considered two modifications, one involving more d
tant neighbors and the second involving nonhelimagn
structures.

In the first, we applied anad hocconstraint that the ex
change coupling strengths must decrease with distance,
searched for the simplest model that would explain
MnCl2-GIC data. A successful model was found, details
which appear elsewhere.17 Four shells of neighbors wer
needed, withJ0 ferromagnetic and the other three intera
tions antiferromagnetic. We find this solution less attracti
however, than the one presented above: fourth-neighbo
teractions must involve three intermediate Cl2 ions in the
superexchange bridge, and the coupling should decr
much faster with distance than this model predicts.26

Our second modification was nonhelimagnetic configu
tions. We considered two such structures: a stripe-dom
Ising phase and a phase with spins confined to any of the
equivalent hexagonal directions. The first of these mode
motivated by the structure proposed for MnCl2 by Wilkinson
et al.2 The second model is suggested by reports of a six
in-plane anisotropy field in CoCl2-GIC.

29 In both cases,
higher-order Bragg reflections are expected~all odd orders
for the stripe-domain model and for the hexagona
locked-in structure all of order 6n61 for integersn). These
are not seen in either the pristine data2 or in the GIC data;
however, the higher-order reflections might be so weak
they are not observed.

In order to treat these models, our analysis is modified
first writing the spins as an appropriate Fourier sum:

Sj5S(
n

~Fnx̂1Gnŷ!exp~ int•Rj !. ~22!

The exchange energy is then

Uex52S2(
n

~FnF2n1GnG2n!J~nt!, ~23!

which now includes higher order terms ofJ(t). The dipole-
dipole energy derives in a similar way. Phase diagrams ba
a
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on these models are qualitatively similar to those in Figs
and 9. Without field-dependent measurements on a sin
crystal, such as those performed for the pristine compou3

we cannot conclusively say that MnCl2-GIC is a helimagnet.
However, even for these more complicated models, the
main results of our analysis persist—namely, thatJ0 is weak
and ferromagnetic and that a third-neighbor in-plane
change term is necessary to explain the magnetic struc
More precise values of the exchange parameters will req
further study of the spin-wave dispersion by inelastic neut
scattering.

C. Critical behavior

One of our motivations for this study was to evaluate t
suitability of MnCl2-GIC as a magnetic prototype of the cla
sical 2D AFT. The complexity of the interactions indicat
that it is not well suited to test these simpler models exp
mentally. Two features of the data, though, merit comme
First, the phase transition seen in the ac susceptib
measurements12 is not apparent in the neutron data. Instea
we observe a monotonic increase of the correlation lengt
the lowest temperatures, rather than a divergence assoc
with the 1.1 K susceptibility maximum. These features a
consistent with spin-glass behavior. Other spin glasses,
example Au12xFex and Au12xCrx ~Ref. 30!, show similar
temperature dependence of the correlation length and p
intensity. It is worth noting that the results of previous
reported bulk magnetic measurements on MnCl2-GIC ~Ref.
13! are also consistent with spin-glass behavior atTm : a
cusplike behavior in the ac susceptibility; the absence o
heat capacity anomaly; and the onset of irreversibility in
magnetization.

The second interesting feature is the behavior shown
Fig. 7~a!, in which the modulation wave vector changes co
tinuously with temperature. AsT is raised, the system appa
ently tries to adopt a local configuration commensurate w
the lattice by decreasing the pitch of the helimagnet. Sim
coiling behavior has been observed in computer simulati
of other 2D triangular spin systems.31 It would be of interest
to test whether simulations using the exchange couplings
termined here could reproduce the behavior we have repo
and, if so, could shed some light on the critical behavior
MnCl2-GIC.
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