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Magnetic neutron-scattering study of MnCl,-graphite intercalation compound
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The in-plane spin order of Mnglgraphite intercalation compound has been studied between 63 mK and 30
K by elastic neutron scattering. This compound approximates a clagstahtiferromagnet on a triangular
lattice. Below 7.5 K magnetic critical scattering peaks are observed at wave vectors incommensurate with the
MnCl, and graphene sublattices. As the temperature is raised, the cell contracts towards a commensurate
24/3x2+/3 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.
[S0163-182697)01510-5

[. INTRODUCTION Therefore, understanding the magnetic structure of the GIC
may shed light on the magnetic structure of Mp@self.
MnCl, is a CdC}-type layered material in which Mf With the c-axis coupling dramatically reduced,

ions lie in close-packed triangular layers, separated by twdnCl,-GIC may also be a suitable prototype for studying the
layers of CI' ions. The hexagonal unit cell contains three classical two-dimensiondRD) XY antiferromagnet on a tri-
molecular units with lattice constants=23.6934 A (repre-  angular lattice(AFT).” This model system has received at-
senting the near-neighbor distance between magnetig iongention from theorists because the spins in it are fully frus-
andc=17.475 A(corresponding to three times the distancetrated. The ground state of the 2D AFT consists of spins on
between consecutive Mh layers. Despite the fact that three sublattices forming 120° angles with respect to each
MnCl, has been studied by a variety of methbdgor over  other (the /3% /3 spin structurg® Because there are two
fifty years, its magnetic structure is not completely under-senses to the spin helicity, the ground state has a twofold
stood. discrete degeneracy as well asXx-like continuous degen-
Two interesting features, in particular, have escaped exeracy. Consequently, it is predicted to undergo two phase
planation. First, MnGl undergoes two phase transitions, transitions, one associated with Ising-type symmetry break-
with Neel temperaturesTy;=1.96 K andT,,=1.81 K, that ing and the other with a Kosterlitz-Thouless mechanism.
are quite low when one considers the large magnetic mo- The magnetic properties of stage-2 Mp@IC have been
ments 6=3) of the Mr?" ions. Other isomorphous transi- studied by dc and ac magnetic susceptibifty:® heat
tion metal chlorides order at much higher temperatfiee.,  capacity*® electron spin resonanc&SR),'* and magnetic
24 K for FeCh,* 25 K for CoCb,® and 52 K for NiCh (Ref.  neutron scattering>™” A peak in the susceptibility at
6)], despite smaller moments. Second, the two antiferromagf,,=1.1 K suggests a magnetic phase transition. High-
netic phasegbetweenly; andTy, and belowT,) are char- temperature susceptibility data give a negative Curie-Weiss
acterized by very large unit cell§0 and 90 atoms, respec- temperaturé® = —5.94 K, indicating a net antiferromagnetic
tively), as reported in preliminary neutron scattering studiesnteraction and an effective magnetic moment of w83
by Wilkinson et al>3 The existence of such large cells re- close to the spin-only value 5.92 of (S+1)]*? for S=
quires a complicated spin Hamiltonian. 2. ESR measurements show that thefactor has a weak
One way to simplify interpretation of the magnetic struc- anisotropy at high temperaturg = 1.912+ 0.005 along the
ture is to reduce the interplanar interaction through intercae axis andg,=1.977+0.005 in the intercalate plap¢hat
lation of MnCl, into graphite. In a stage-MnCl,-graphite  becomes more pronounced as the temperature is lowered be-
intercalation compoundGIC), magnetic MnCJ layers are low 50 K. At 300 K the ESR linewidth is given by
separated by graphite layers in stacks along tbexis. The  (3cog¢—1)?, where ¢ is the angle between the external
interplanar exchange interaction between adjacent MnClmagnetic field and the axis; this form indicates the 2D
layers is greatly reduced by these intervening graphite layergharacter of this compourtd. The heat capacity of stage-2
while the intraplanar exchange interaction may be virtuallyMnCl,-GIC shows no appreciable anomaly Bt,, but ex-
unchanged. In MnGIGIC, the intercalate layer forms a tri- hibits a broad plateau between 5 and 10 K presumably asso-
angular lattice, nearly identical to that in pristine MaCl ciated with the growth of 2D spin short-range order.

0163-1829/97/58.0)/638210)/$10.00 55 6382 © 1997 The American Physical Society



55 MAGNETIC NEUTRON-SCATTERING STUDY OF MnG}F ... 6383

In light of these measurements, the spin Hamiltonian of
Mn?" ions in stage-2 MnG}GIC has been written &%

H=-20> §-§+DX (§)°-2)' X S-Sn, (1)
(i) (i) (i,m)

with spin S=3, where thez axis coincides with the axis,

D is the single ion anisotropyd(=0.97 K), J is the nearest-

neighbor intraplanar interactiof@stimated agd= —0.20 K)

andJ’ is the interplanar exchange interaction. The summa-

tions are over nearest-neighbor intraplanar paies)dj, and

nearest-neighbor interplanar paiisand m. Dipole-dipole

interactions have not been included.

In a previous repott we presented preliminary results of
magnetic neutron scattering measurements on MGIC
between 0.6 and 20 K. We concluded there that the in-plane
spin structure below ,, was commensurate with the MnCl
lattice with a 2/3x 2+/3 periodicity. Such a structure, how- FIG. 1. The Mi#* ions in the intercalate plane of MNCGIC.
ever, is incompatible with the Hamiltonian given in Ed), The vectorsa andb are the primitive translation vectors, adg,
as we will show below. In order to understand the system);, andJ, are the intraplanar exchange interactions.
better, we have undertaken further measurements on the
same sample, extending the temperature range down to 63 . RESULTS
mK. We show here that the magnetic reflections appear at Figure 1 shows the triangular M latiice in

in-plane wave vectors near, but shorter than, those for thﬁ/InCI _GIC. Primitive lattice vectorsa and b have length
2\/3x24/3 spin structure. The wave vectors lengthen to'a=|é|=3692t0005 A the same as for pristine
wards a commensurate value as the temperature increas%,%nc' (3 693 A) 18 The r,eciprocal lattice of MnGI-GIC is

2 . . =

suggesting that the incommensurate low-temperature struc-h i1 Fig. 2. where® andbX . | latti i
ture “coils up” with increasing temperature toward a locally shown In F1g. <, whereg andbg are recu:lroca attice vec
ordered arrangement commensurate with the Mréitice. tors of the graphenel\j%iuce anﬁ "ind b " are rempg\c_)(l:al
We discuss possible origins of this structure and conclud it'ce vsctors of the Iatt!:le. |ag| =[bg| =2.952 A,
that the spin Hamiltonian must be modified to include atl@*|=Ib*|=4m/\3a=1.965 A%, and the angle between

least up to third nearest neighbors in the pl&he. ag anda* is 30°*° The MnC}, and graphene sublattices are
incommensurate and rotated 30° from each other.

Figure 3 shows the (0D neutron scattering intensity at 30
K, well aboveT,.. The most intense peaks can be indexed to

MnCl,-GIC samples were synthesized by heating singlestage-2 reflections (0, with a ¢ axis repeat distance of
crystal kish graphite and anhydrous Ma@ a chlorine gas d=12.71+0.08 A, and to stage-1 reflections (§Q with
atmosphere at a pressure of 740 Torr. The reaction was con-
tinued at 520 °C for 20 days. Stage fidelity of the samples
was checked both by weight uptake and bylj0d-ray dif-
fraction. Afterwards, about 30 of these samples were stacked
together on a thin Al foil to increase the sample size. The
resulting crystal texture had @axis mosaic spread of 10°
and random orientation in thee-b plane.

Elastic neutron scattering experiments were performed on
the triple axis spectrometers BT-2 and BT-9 at the National
Institute of Standards and Technology.3Ne cryostat was
used at BT-2 to collect data between 0.43 and 30 K, and a
dilution refrigerator was used at BT-9 to extend the range
down to 63 mK. Highly oriented pyrolytic graphite mono-
chromators and analyzers, set for zero energy transfer, were
used. Incident neutron wavelengths wexe=-2.433 A at
BT-2 andA=2.352 A at BT-9. Graphite filters were used to
eliminate theN/2 contamination after the monochromator.
The collimation was 60-40'—-40'-80" at BT-2 and
40'—48 —48 —400 at BT-9, giving longitudinal instru-
mental resolutionsfull width at half maximum of approxi- FIG. 2. Reciprocal lattice plane for MngGIC. Large open
mately 0.033 A* (BT-2) and 0.039 A* (BT-9) at the first  circles are nuclear reciprocal lattice vectors from the graphene lay-
magnetic reflection. The energy resolution at the elastic poers, small open circles are from the Ma@yer, and closed circles
sition was 1.1 meV on BT-2 and 1.6 meV on BT-9, largeare magnetic reflections.|al|=|b%|=2.952 A1, |a*|=|b*|
enough in both cases to integrate over all critical scattering=1.965 A1, and|k;|=0.522 A"? at the lowest temperatures.

II. EXPERIMENTAL PROCEDURE
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FIG. 3. Neutron scattering intensity at 30 K in tf@dl ] direc- 1500 ' ‘ ' '
tion. Peaks are indexed with subscripts that give their stage numberz
The scattering at 0.43 K is essentially identical. £
[aY]
~ 1000
2}
. =
d=9.42+0.04 A. Peaks are broadened by Hendricks-Teller 3
disorder’® Whereas (00 scans by x-ray diffraction show %
mostly stage-1 peaks, we find from the neutron intensity ra-g %

tio that our sample consists of 60% nominal stage-2 and 409
nominal stage-1. The difference indicates that the outside o8
the kish samples is predominantly stage-1, while the inside is2 or
mostly stage-2. Subtraction of the neutron data from similar.é
scans taken at 0.43 K shows no magnetic intensity along-
(00). -500
Figure 4 shows a scan in the in-plane wave veQpmat -1 -0.5 0 05 1 1.5 2
30 K in the powder-averagefihkO] direction. The two Q, (A7)
prominent peaks can be indexed to the(W00), and G100
reflections, where the characters preceding the Miller indices FIG. 5. (a) Magnetic scattering alonghk0) at 0.43 K. Arrows
indicate to which sublattice the peaks are indexed. Alsdnark the peak positions predicted from Fig.(B) Magnetic scat-
present are AlL11) and AK200) reflections from the alumi- tering at 63 mK versus out-of-plane scattering vec@y with

num sample can and (DQ and (00), reflections, which Qi fixed at 0.522 A*, its value at the first magnetic peak. The
featureless decrease in intensity away from the origin is due to

mosaicity and magnetic form factor.

15000p , : ,

(HKO) Scan

appear as weak powder rings alofigkO] because of the
large c-axis mosaicity.

The in-plane magnetic scattering at 0.43 K is shown in
Fig. 5(a). These data were obtained by subtracting the inten-
. sity at 14.85 K from the corresponding intensity at 0.43 K.
] Magnetic peaks are observed |&,|=0.522, 1.536, 2.05,
and 2.44 A1, These wave vectors are consistent with the
picture shown in Fig. 2. According to this, the magnetic
Bragg reflections should appear at the in-plane wave vectors
Q,=ha* +kb* £k,, *k,, or +(k;—k,), h andk are inte-
gers and wher&; (i=1,2) are the reciprocal lattice vectors
of magnetic superlattice. Assigninfk,|=0.522 A" and
|a* —k,|=1.536 A1 from our data, the angl® between
k, anda* is:
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FIG. 4. In-plane neutron scattering intensity at 30 K. Peaks are . .
indexed to the intercalate layer, the graphene layer, or the APr #=30=2°, as drawn in Fig. 2. The next lowest-angle

sample can. Because of the largeaxis mosaic spread, some magnetic Bragg reflections are predicted to occur at
(00l) reflections are seen. |a* +k,|=2.033 A1 and |a* +k,|=2.431 A1, in good
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IoK

HKO) First magneti = —
1500 (e A |ag e ?eak ; ! m{(|Ql— 1)+ «%} const, ©
—e—0.43K
——1.2K
1000l —*—32K i wherek is the inverse in-plane spin correlation lengthis
—=—4.5K the peak position, anld, is the integrated intensity. The con-

stant term represents paramagnetic scattering at 14.85 K and
500 N {1000 is assumed to be independent|qf;| over the range of the
?X scan.(This negative background shows up in all the mag-
netic scans and is due to the transfer of thendependent
500 paramagnetic scattering into the magnetic peaks with de-
creasing temperature. Instrumental broadening is negligible
for all peaks).

0 The solid lines in Fig. 6 are the best fits of the data to Eq.
(3), taking 7, «, g, and the constant as free parameters. Fig-
ure 7@ shows the temperature dependence of the peak po-

500 sition 7. The value ofr is nearly constant at 0.522°A
below 0.43 K and increases rapidly with temperature in the
vicinity of 1.1 K. Above T,,, 7 plateaus briefly at
0.532 A1, rising again above 4.5 K toward the commensu-

500

Intensity Difference (counts / 6 min)

0 rate Mn(1/6, 1/6, Q position at|a*|/2y3=0.567 A1,
Figure 1b) shows the temperature dependence of the
! ! ! ! I peak intensityl /7« at the first magnetic reflection. The
0.3 04 0.5 0.6 0.7 peak intensity rises as the temperature is lowered; however,
Q, (A1 it does not rise precipitously beloW,, as one would expect

for the growth of long-range spin order. Only short-range
order is seen as well for the inverse spin correlation length

various temperatures. Scans are offset from each other by 500’ shown in Fig. 1c). Instead of decreasing to the resolution

counts for clarity. Least-squares fits to Lorentzian peaks are denoteIHnit a_t T, it remalins much larger than the instrumental
by solid lines. half-width, 0.016 A%, all the way to the lowest tempera-

tures. The value ok is 0.0566 A ! at 0.43 K, corresponding

, o to an in-plane spin correlation lengté(=1/kx) of only
agreement with the observed values. The principal magnetigg A

wave vectork; is therefore indexed as M0.153, 0.153, D
Its magnitude is slightly less than that for a commensurate
2/3x 243 cell, Mn(1/6, 1/6, 0, which we reported earli&t V. DATA ANALYSIS
on the basis of a less complete data set. The origin of the
incommensurate spin structure will be discussed in Sec. V. A General theory for the low-temperature structure

The mixture of stages shown in Fig. 3 is potentially a Our analysis is motivated by two observations. First, the
problem in analyzing the spin structure. However, if inter-atomic structure of MnGlin the GIC galleries is virtually
planar interactions are negligibly small in the stage-1 redidentical to that of unintercalated MnCIWe expect, there-
gions, they will certainly be so in the stage-2 regions as wellfore, that the magnetic parameters associated with in-plane
and the in-plane magnetic structure we observe should b@teractions should be unchanged upon intercalation. A strik-
valid for both compounds. Figure(ly shows the magnetic ing similarity between the magnetic diffraction patterns of
scattering at 63 mK for a scan of out-of-plane wave vectointercalated and pristine MnEsuggests that our expectation
Q. with the in-plane wave vecta®, fixed atk,. The only is well founded. Two magnetic phases are observed for pris-
feature is a decrease in intensity away from the origin, due téine MnCh.? When projected onto thehk0) plane, all the
the falloff of the magnetic form factor and the effects of the Bragg peaks in the high-temperatur& 2 rectangular phase
large c-axis mosaic spread, which causes 2D rods to b&oalesce onto a pattern much like that shown in Fig. 2. The
broadened away fror@.=0. More importantly, there is no main difference is thak, is commensurate at M1/10,
modulation of the intensity in Fig.(B). This result indicates 1/10, Q for pristine MnC}, while for the GIC it is longer and
that there is essentially no magnetic ordering between adjancommensurate, M0.153, 0.153, D (The existence of six
cent layers. reflections about each structural Bragg point comes about

The temperature dependence of the scattering was invefrom the three 120° twins of the>25 magnetic cel).In the
tigated by a series ofhk0) scans at temperatures betweenlow-temperature phase, the projected diffraction pattern is
63 mK and 7.5 K. Representative scans are shown in Fig. Gimilar, except that each of the six spots in the diffraction
in which the magnetic intensity was determined by subtracthalo is split into two, rotated- 10.9° from the original spot.
ing analogous data taken at 14.85 K. Throughout the entire The second observation is that the spin structures of nei-
temperature range, the intensities fit well to a Lorentziarther MnClL nor MnCL-GIC can be explained by the usual
peak described by Hamiltoniani® and Eq.(1) must therefore be modified. Be-

FIG. 6. Magnetic neutron scattering intensity alorttk@) at
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should suffice for both, with small modifications of interac-
tion strengths reflecting their different structures along the
C axis.

The addition of weak higher-neighbor exchange terms
may have a profound difference on the low-temperature spin
structure. For example, Sakakib&rzhas shown that the
120° spin structure witld,<0 is unstable against an infini-
tesimal interplanar exchange interactitp and two kinds of
incommensurate spin structures appear according to the sign
of J,. Dipolar interactions, as well, can lead to incommen-
surate structures, as pointed out by Shiba and SifZuki.

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

Hex= —2<Z> JR)SS, @
i
and a dipole-dipole interaction
(Rii-S)-(R;;-S)
Ho=(gue)’> =5|S-§-3——2——| ()
i R Rij

S is considered a classicaKY spin vector at site
R;,Rij=Ri—R;, andJ(R;;) is the exchange interaction be-
tween the spins§ andS;. The sums run over all pairs of
spins.

Alternatively, the total Hamiltonian can be written as a
Fourier surf?

H:—Eq) J(q)sq-s,q+§q) EE D)%, ()

with
12e('R> 1Eep('R)
=— xp(19-R;), = Xp(—19-R;),

S N2 S, exp(ig-R), S N S q

@)
J(q)=j;) J(R))expig-Ry), (®)

and

LS S . s AP

Daﬁ(Q)ZE(QMB) 2 Rij 5aﬁ_3_R2_ expiq - Rjj).
j(#i) ij ©

N is the number of spins, and and 8 run over Cartesian
coordinates,y.

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

J(q)=Jo(q) + Iy () + (@) +I'(q),

whereJ’ is the interplanar exchange constant, and

(10

Jo(q)=2Jg[cog27H)+cog27K)+cog2#[H+K])],

11
cause the materials are insulating we expect only superex- D
change and dipolar mterac.tlon's tp b_e S|gn|f|cant: B_ecause of J,(q)=23[cog2m[H—K])+ cog2a[H+2K])
the structural and magnetic similarity of the pristine com-
pound to the GIC, we expect that the same Hamiltonian + cog2m[2H+K])], (12
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J>(q)=2J,[cog4mH) +cog4mK)+cog4n[H+K])].
(13

Hereg=Ha* +Kb* +Lc*. For simplicity, we assume that
the nearest-neighbor Mn ions in adjacent layers are in the
same positions as for the pristine compound, i.e., at
+[(2a+b)/3+c], £[(a+2b)/3+c], and *=[(a—Db)+c].
Then the interplanar exchange interaction is

J'(q)=2J

2
cos{ ?(2H+K+ L)

2m
+cos{?(—H+K

+L)

2
+c05{?(—H—2K+L)

. (14

Out-of-plane exchange interactions can be ignored for
MnCl,-GIC, since there is no evidence of interlayer cou-

pling.

(b)

J,<0
B. Helical spin configuration

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

Sj=Slcod 7 R;+ ¢)x+sin(7- Rj+ ¢)y], (15)

R R S5 4 -3 =2 -1 0 1 2 3
wherex andy are the unit vectors in they-plane andg is I 73
an arbitrary phase factor. For such a configurati®; O for
g# = 7, and the ground-state energy of the system is FIG. 8. T=0 phase diagrams fai’=0 and no dipole-dipole
_ . coupling:(a) ferromagnetic an¢b) antiferromagnetic near-neighbor
Ug=—-2J(7)S,-S_,=—NSJ(7), (16) coupling. Phases are denoted by their modulation wave vector
where (H,K), and phase boundaries are shown as bold solid lines.

MnCl,-GIC and MnC} lie in the (,%) region, in which several
lines of constant; are shown. The dashed line is the condition of

a \3[x2+y?—272
3‘(7): E IR+ yp| — ij T Yij 1 minimum energy forr=(0.153, 0.153) after Eq(19); any such
Te) " D Rij Rﬁ solutions above and to the right of the dash-dotted [Bg. (20)]
. are disallowed, as ifb).
XexpliT-Rj)). a7
Following Sakakibard; we determine the minimum-energy (7,7) region, where MnGl and MnC}-GIC lie (at
configuration by maximizing/(7) with respect tor. 7=0.10 and 0.153, respectively

We expect dipole-dipole interactions to be much weaker BY EQ. (16), dUg/dH and dUg/dK both vanish at
than the exchange interaction. The nearest-neighbor sheil=K=0.153 for MnC}-GIC. In the absence of dipolar
contributes at mosyp = (gug)?/4a®=12 mK per spin to the ~terms, this requires
dipole energy. In comparison, the mean-field approximation

predicts a Curie-Weiss temperature of {=—1.31%,-3.107, (19
) where;=J,/Jy and {,=J,/Jy. Equation(19) is drawn as
0= 35S(S+1)6(J). (18)  dashed lines in Figs.(8 and 8b). Furthermore, the second

With ® = —5.94 K for MNCh-GIC, (J)= — 170 mK, which derivatives ofU s with respect taH andK must be positive

is much larger in magnitude than the leading dipole term.atH:K:O'ls& leading to an inequality

The dipole contribution will thus be a smalbut non- J +1.171.40.017<0 20
negligible perturbation to the configuration dictated by ex- o £o+1.17%,+0.019<0. 20
change forces. The inequality is satisfied on the lower left side of the dot-

Bearing this in mind, we have numerically evaluated thedashed lines in Figs.(8 and 8b). Comparison of Eq9.19)
ground-state energy given by Eqd6) and (17), initially and (20) shows that solutions describing Mp&EIC are
ignoring terms includingd’ and yp. For each of two possible only forJy>0.
parameters—3, /|Jo| andJ,/|Jo|—we have determined the  The effect of dipole coupling on these phase diagrams is
position of the wave vector that minimizes the energy shown in Figs. €8) and 9b) for the (rather extremecase of
Ug. The two resulting phase diagrams—one each foryp=|Jo|. The first figure §,>0) is modified mostly by in-
Jo>0 (ferromagnetit and J,<0 (antiferromagnetie—are  creasing the range of stability of they(») phase and by
shown in Figs. &) and 8b). Different phases are described pushing the lines of constanj to smallerJ, and smaller
by their in-plane wave vectorH,K), referenced to the J,. The second J;<0) is changed more dramatically, but
MnCl, sublattice. A few values ofp are shown in the the main effect is also to push lines of constagnio smaller
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=0 y,=11) Range of Solutions for MnCL~GIC
T T T T T 0 ' T * T ' T .
(1/2,0) 0
-1 .
-2
50
- _ =3 F
:O
[
-5
I T T I I I 1 L
2r (1/2,0) N N
- ’ ©0 |
(L) 7
°T o -
- T A neoass o Je<0 5,715
:e -2 \\\ % _|
- B n=ls . B FIG. 10. Smaller region of the phase diagram projected onto the
4 ) Noansy J;-J, plane forJ, ferromagnetic. The large quadrilateral denotes
B 7] the range of solutions consistent with the high-temperature suscep-
-6 - ] tibility data and the observed modulation wave vector. The numbers
5 _‘4 _'3 _'2 _‘1 (‘) ‘1 ; 3 refer to representative values ¢f /Jo. The smaller shaded region
3 /10 denotes the subset of these solutions for which the energy minimum
1 0

would occur at the MnGImodulation wave vector with the addition

. . . . ) of a suitable]’.
FIG. 9. Same as Fig. 8, but with a dipole-dipole coupling of

strengthyp =|Jo|. 10 is the subset of those parameters for which the energy

. . ... minimum can be made to occur at=1/10, the wave vector
J; and smallerd,. Both diagrams show regions of stability 3

for the observed GIC structurer0.153), but only for for the pristine compound, by any choiceXf In this region

e : - ¥p=1(0.19+0.03)[Jo|, J' = +(16*3)|Jo|, and J; and J,
J,<0. We have verified this condition for all values of covary such thatl +J,=(— 3.9+ 0.3)|J,|. Sets of param-

¥p - The results demonsrate that at least three in-plane "Meters at various spots within both the large and small solution

teraction terms are required to explain our data. ; .
. : . ranges of Fig. 10 are put on an absolute scale and displayed
We expect the true phase diagram to be intermediate bqﬁ 19able | 9 P piay

tween Figs. 8) and 9a). Combining the numerical values
of the dipole strengthyp =12 mK and the Curie-Weiss tem-

perature® = —5.94 K [Eq. (18)] yields the empirical con- V. DISCUSSION

straint, A. Low-temperature structure
AE Yo The most important aspect of our results is the surprising
—={1+{,+1+14.1 —|=0. (21) strength of distant neighbors in the exchange Hamiltonian.
Jo Jo

Although second-neighbor exchange interactions are some-
Because of uncertainties #@ (roughly +0.5 K), we con- times larger than those for first neighbors, as in the case of
sider all solutions for which\E is close(within 0.3J,) to  MnO and NiO?* this is rare. We are unaware of any other
zero. With this constraint, solutions fdg>0 are limited to  insulating magnetic system for which three in-plane ex-
v5<0.4J|. As expected from the analysis above, there are
no legitimate solutions fal,<<0: The minimumAE there is TABLE |. Representative solutions: MngGIC  low-
about 16J,|. temperature magnetic structure. Th.e first fpur rows correspond to
The range of valid solutions is shown in Fig. 10, delimitedthe_four corners of the large q_uadrllateral_ln Fig. _10. The shaded
by the large quadrilateral. Values %/|Jo| are shown at 'egion of Flg. 10, co_rrespondlng to solutlons_valld for both the
some positions along the perimeter. For all legitimate solyPristine and intercalation compounds, roughly interpolates the last
tions, J, is less than zero and at least as strong as the neal/0 rows here.

neighbor couplingl,. o
If the in-plane exchange terms are unaffected ble/‘]O 2l ¥o/3o Jo (MK) 1 (MK) I, (mK) J"-pris (K)

intercalatior?® we may use the pristine MnCtata to derive —31 —1.8 0298 40 —120 —70
a further constraint. For each of the valueslgf J,;, J,and —-19 —-1.0 0.114 100 —150 —-80
vp consistent with the observed GIC result, we calculate vime —6.8 0.390 30 20 -210
Egs.(16) and(17) the minimum energy configuration forthe g —4.5 0.185 60 40 —290 +1.0
MnClI, lattice (i.e., for closer layer spacings a functionof _25 _—13 0.178 70 —170 —90 +1.0

interplanar coupling strength’. The shaded region in Fig.
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change couplings are required, let alone for which the third
neighbor exchange is likely the strongest. BathandJ, are
mediated through two intervening anions in a
Mn?*-CI~-Cl”-Mn?* bridge. Since the overlap of wave
functions of the neighboring Clions is small, one would
expect that both these paths would lead to negligibly small
couplings. Yet at least one, and perhaps both, of them is
stronger than the nearest-neighbor coupling.

In absolute magnitude, the second- and third-shell cou-
plings are not unusually large, being on the same oftder
few K or tenths of K as next-nearest-neighbor interactions
in other transition metal dichlorid€<® What distinguishes
MnCI, from the other compounds is an unusually small near-
neighbor coupling, which gives more importance to more
distant neighbors. For MngIGIC, J; is less than 100 mK,
in cor(lstrast with 14 K for CoGl [Ref. 25 or 22 K for @ Mn #1 Mn #2
NiCl,.

What causeg, to be both small and ferromagnetic? The
electron configuration of Mt is given byde3dy?, where
the threefold de(t,,) levels lie lower than the twofold
dy(egy) level. Thedy orbitals have six lobes pointing toward
near-neighbor CI anions; partial covalency is manifested by
bonds involving these. Thde orbitals have twelve lobes,
each pointing 45° from the Mn-CI bonds. Both orbitals are
sketched in the bottom panel of Fig. (bl

The near-neighbor superexchange path proceeds through
two Mn?*-CI~ bonds which, because of the octahedral co-
ordination, are nearly perpendicular to each offsere Fig.
11(a)]. Such “90° superexchange” interactions have been
discussed by Goodenourand Kanamorf’ Antiferromag-
netic correlations are expected by most mechanisms. The
quasidirect exchange, Mh-Mn?" (in Goodenough’s nota-
tion) favors antiferromagnetism, since sharing of electrons
between MA* ions is possible only if the electron spins are dy
antiparallel. Similarly, partial bonds can be formed between
either thede andpsr orbitals, thedy andpo orbitals, or the
dy ands orbitals of Mrf* and CI", respectively. In these
cases, partial transfer of electrons from the Qb each

Mn?* can be accomplished only if the ¥ih spins are anti- (b)
aligned, leading again to antiferromagnetic coupling. The
only mechanism leading to ferromagnetic exchahgeis FIG. 11. () Schematic of the near-neighbor interaction in the

the simultaneous transfer of electrons from  @hion from  Mn?"-CI~-Mn?" plane. Two competing effects give a sma}:
two differentp orbitals, so that each forms a partid-po Delocalization superexchange of thm electrons in a partial
bond with nearest-neighbor Mt ions. Hund’s first rule fa-  o-bond with Mn #1 @y-po) and am bond with Mn #2 @s-pr,
vors the spins remaining on the Tto be aligned, giving a shown by the ar_rom)sleads to ant?ferromagnetic cqrrelations. Si-
net ferromagnetic interaction between the Mrspins. multaneous partialr-bond formation of the CI with Mn #1
This effect is expected to be much smaller than the anti{P1-d7) and Mn#2 ,-dy) gives ferromagnetic correlations since

ferromagnetic correlations until thi orbitals become more N rémaininguntransferrefip electrons prefer to be aligned be-
than half filled?® as for CoC} and NiCb, for which ferro- cause of Hund'’s rulgb) Projection onto the intercalate plane of the

- iahb . . IId and p orbitals of Mr?* and CI" involved in the double-anion
magngtlc 2QeareSt_n.eI.g Qr mtgractlons are . we superexchange. Black orbital lobes extend below the plane, gray
e§tabllshe(§: In fact, it is W!Qely believed on 'the basis Of_ ones are in the plane, and white ones rise above the plane. The two
h|gh-te.mperature susceptibility that the antlferromagnetlccr ions shown are above the plarf@ll the lobes of thedy and
term wins out for the case oanQIOu_r resullts demonstrate de orbitals are shown in the bottom panell; requires one
that this is not true: The negative Curie-Weiss temperature i, and onede-p bond, whiled, involves twody-po bonds
instead a consequence of the more distant-neighbor antifeng is therefore stronger.
romagnetic terms. The low value df we report indicates
that the terms favoring antiferromagnetic and ferromagneticlouble anion bridge involving the same anions:
superexchange are very nearly balanced. Mn?*-CI~-Cl~-Mn?*. The reason thal, is likely stronger

In most of the range of solution&ig. 10, J, is stronger than J; is that the longer path involves ne bonds. As
thanJ;. To understand why this might be true, we first rec-shown by a projection onto the-b plane in Fig. 11b), two
ognize that both interactions must be mediated through po-d bonds are involved in the bridge fdg, whereas one of
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the bonds must be p bond for the bridge td,. As men-  on these models are qualitatively similar to those in Figs. 8
tioned above, the absolute sizeXfis not particularly large; and 9. Without field-dependent measurements on a single
it becomes dominant, though, because of the fortuitous nearystal, such as those performed for the pristine compdund,
cancellation of ferro- and antiferromagnetic near-neighbome cannot conclusively say that MnSBIC is a helimagnet.
couplings®® However, even for these more complicated models, the two
main results of our analysis persist—namely, thais weak
B. Other models and ferromagnetic and that a third-neighbor in-plane ex-
change term is necessary to explain the magnetic structure.

ore precise values of the exchange parameters will require

gnd has_ attempted to explain t.he magnetism with the fewesr rther study of the spin-wave dispersion by inelastic neutron
interactions, regardless of their relative strengths. We havgCattering

also considered two modifications, one involving more dis-
tant neighbors and the second involving nonhelimagnetic
structures. C. Critical behavior

In the first, we applied amd hocconstraint that the ex-  One of our motivations for this study was to evaluate the
change coupling strengths must decrease with distance, aggitability of MnClL-GIC as a magnetic prototype of the clas-
searched for the simplest model that would explain thesical 2D AFT. The complexity of the interactions indicates
MnCl,-GIC data. A successful model was found, details ofthat it is not well suited to test these simpler models experi-
which appear elsewheté.Four shells of neighbors were mentally. Two features of the data, though, merit comment.
needed, withJ, ferromagnetic and the other three interac-First, the phase transition seen in the ac susceptibility
tions antiferromagnetic. We find this solution less attractivemeasurement$is not apparent in the neutron data. Instead,
however, than the one presented above: fourth-neighbor inye observe a monotonic increase of the correlation length to
teractions must involve three intermediate”Gbns in the  the lowest temperatures, rather than a divergence associated
superexchange bridge, and the coupling should decreasgith the 1.1 K susceptibility maximum. These features are
much faster with distance than this model predféts. consistent with spin-glass behavior. Other spin glasses, for

Our second modification was nonhelimagnetic configuraexample Ay_,Fe, and Au_,Cr, (Ref. 30, show similar
tions. We considered two such structures: a stripe-domaifemperature dependence of the correlation length and peak
Ising phase and a phase with spins confined to any of the sixtensity. It is worth noting that the results of previously
equivalent hexagonal directions. The first of these models igeported bulk magnetic measurements on MAGIC (Ref.
motivated by the structure proposed for Ma®Yy Wilkinson  13) are also consistent with spin-glass behaviorTat a
et al” The second model is suggested by reports of a sixfoldusplike behavior in the ac susceptibility; the absence of a
in-plane anisotropy field in CogIGIC?® In both cases, heat capacity anomaly; and the onset of irreversibility in the
higher-order Bragg reflections are expected odd orders magnetization.
for the stripe-domain model and for the hexagonally The second interesting feature is the behavior shown in
locked-in structure all of orderr6= 1 for integersn). These  Fig. 7(a), in which the modulation wave vector changes con-
are not seen in either the pristine data in the GIC data;  tinuously with temperature. AE is raised, the system appar-
however, the higher-order reflections might be so weak thagntly tries to adopt a local configuration commensurate with

The analysis above has assumed a helimagnetic structu

they are not observed. the lattice by decreasing the pitch of the helimagnet. Similar
In order to treat these models, our analysis is modified byoiling behavior has been observed in computer simulations
first writing the spins as an appropriate Fourier sum: of other 2D triangular spin systemsIt would be of interest
to test whether simulations using the exchange couplings de-
S= S> (Fox+G,y)explinT- R)). (220  termined here could reproduce the behavior we have reported
n and, if so, could shed some light on the critical behavior of

The exchange energy is then MnCl,-GIC.

Ug=—S2>, (FoF -y +G,G_)d(n7), (23) ACKNOWLEDGMENT
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