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Powder and single-crystal samples of the dimer compound Cs;Cr,Bry have been studied by inelas-
tic neutron scattering. At 1.6 K, the singlet-to-triplet dimer excitation exhibits pronounced energy
dispersion as a result of weak interdimer interactions. The results are interpreted within the
random-phase approximation with use of a Heisenberg Hamiltonian and considering only nearest-
neighbor interactions. The agreement between theory and experiment is excellent. Three exchange
parameters have been obtained at 1.6 K: J= —1.03 meV (intradimer), J,=—0.054 meV (interdi-
mer, intrasublattice), and J, = —0.039 meV (interdimer, intersublattice). The excitation shows soft-
mode behavior. However, an ordering does not occur above 1.6 K.

INTRODUCTION

Clusters of exchange-coupled paramagnetic ions have
attracted much scientific interest.! In most studies the
compound under consideration contained well-isolated
clusters, either by nature or by doping a host lattice with a
small amount of paramagnetic ions. Therefore, interclus-
ter interaction was rarely important and the experimental
data could be well interpreted on the basis of molecular
clusters. The presence of intercluster interactions pro-
vides a distinctly new situation. The simple molecular
picture is no longer appropriate and the situation is
characterized by alternating strong (intracluster) and weak
(intercluster) interactions. Such alternating systems are of
interest from an experimental and theoretical point of
view? due to their different properties compared to sys-
tems containing only interactions of equal strength.
Cs3Cr,Bry provides a particularly attractive example of an
alternating system. The strong antiferromagnetic ex-
change within the Cr,Bry>~ dimers produces an isotropic
singlet ground state. At low temperature, therefore, there
is a competition between the intradimer and interdimer
interactions, driving the system towards diamagnetic and
antiferromagnetic behavior, respectively. Much effort has
been devoted to the question of under what conditions
singlet-ground-state systems can order magnetically.® The
singlet ground states of the rare-earth and transition-metal
ions studied so far result from spin-orbit and anisotropic
crystal-field interactions. As such they have to be con-
sidered as pseudosinglet states. In Cs;Cr,Brg the physical
situation is completely different. The singlet-triplet split-
ting is the result of an isotropic intradimer exchange in-
teraction. Interdimer exchange is only important between
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nearest neighbors, in contrast to most of the rare-earth
systems, which are metallic with RKKY type of ex-
change. Cs;Cr,Br, thus emerges as a system which lacks
many of the complications of other singlet-ground-state
magnets. Cs;Cr,Brg belongs to a large family of com-
pounds A3;M,Xo(A=Rb*,Cst; M=Ti*+V3+ Crit,
Fe’*+ Mo*t; X=Cl—,Br—,I") crystallizing in the hexago-
nal space group P6;/mmc.* The structure is shown in
Fig. 1. There are two Cr,Bro®~ dimers per unit cell, both
oriented along the hexagonal ¢ axis, and we consider them
to form two sublattices. The Cr-Cr separation is 3.3 A
within the dimers and 7.4 A (intrasublattice) and 7.5 A
(intersublattice) between nearest-neighbor dimers. There
are Cr-Br- - - Br-Cr contacts between the dimers, which
provide pathways for weak interdimer interaction.

The low-temperature magnetic and spectroscopic prop-
erties of Cs;Cr,Bry and the related Cs;Cr,Clg have so far
been interpreted in purely molecular models, i.e., as result-
ing from the antiferromagnetic intradimer exchange’

#=—JS;'S, . (1)
Singlet-triplet separations were estimated to lie between
0.6 and 1.7 meV for the two compounds.’ EPR spectra of
Cs;Cr,Cly at higher temperatures, where the triplet dimer
level becomes populated, showed some evidence of interdi-
mer exchange.®

In a brief communication” we have recently demon-
strated the collective nature of the magnetic excitations of
Cs;Cr,Bry at 1.6 K by inelastic neutron scattering (INS).
This technique is one of the most powerful in the study of
the interplay of alternating strong and weak interactions.
In the present paper we give a detailed account of our ex-
perimental and theoretical work on Cs;Cr,Bry.
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FIG. 1. (a) Hexagonal unit cell of Cs;Cr,Brs. The two
Cr,Bro®~ upits form the two sublg.ttices. The lattice constants
are a =7.507 A and ¢ =18.68 A at room temperature. (b)
Cr,Bry*~ dimer. The point-group symmetry is D3, and the Cr-
Cr separation 3.3 A.

EXPERIMENTAL

Cs;CryBrg was prepared from stoichiometric mixtures
of CsBr and CrBr; in quartz tubes at 800°C. A single
crystal of about 2 cm® was grown from the mixture of
CsBr and CrBr; by using the Bridgman technique. The
quartz tube was charged with a thin film of graphite in
order to prevent the building of a network between the
tube and the crystal. The crystals are very fragile, soft,
and air sensitive.

For the neutron-scattering experiments crystals and
powder samples were mounted in aluminum cans under
helium gas. All manipulations were performed in a glove
box under dry nitrogen or helium.

The powder samples were checked by x-ray and neutron
diffraction. The crystal was checked and oriented on a
two-axis neutron spectrometer. The final orientation of
the crystal was done with a four-circle neutron diffrac-
tometer. The mosaic of the crystal was 1°.

INS experiments on powder samples were carried out
both at the reactor SAPHIR, Wiirenlingen, and at the
reactor DR3, Risg, using triple-axis spectrometers. Ex-
tensive INS experiments were performed with the single
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crystal mounted in a pumped He cryostat on the triple-
axis spectrometer TAS7, which is located at the cold
source of the reactor DR3 at Risg. The final energy was
fixed to 5 meV in these experiments and the beam col-
limation was typically 60’-40'-40’-40’. In order to remove
higher-order contamination a cooled Be filter was placed
in front of the analyzer. '

THEORY

Cr3* has an orbital singlet ground state *4, in octahe-
dral coordination. The single-ion anisotropy is small® and
we can interpret all the experimental results reported here
neglecting anisotropy terms. The Heisenberg Hamiltonian
(1) provides an adequate description of the intradimer ex-
change. The resulting energies of the dimer follow a
Landé splitting pattern, as shown in Fig. 2. Including in-
terdimer exchange the following isotropic Hamiltonian is
adequate for Cs;Cr,Bry:

%:—% E JinjSip'Sjv » (2)
INNTRY

where i,j designate dimers and u,v the Cr** ions on the
dimers i and j, respectively. The sum in Eq. (2) includes
first- and second-shell neighbors of a given Cr** ion.
There is only one neighbor in the first shell corresponding
to the intradimer term J =Jj,;,. In the second shell there
are six Cr’* ions on neighboring dimers of the same sub-

Tlattice (J,=J,;,) and three Cr’* ions on dimers of the

other sublattice (J, =J;,;,). The three parameters defin-
ing our system are shown in the schematic of Fig. 3.

Due to the different interaction strengths the intradi-
mer exchange needs to be treated exactly. We define

Ki =§i 1 +§,’2, T-4)1' =§i 1 _§i2 . 3)

K,- is the dimer spin operator and ii we will call pseudo-
dimer spin operator. Using Eq. (3) the Hamiltonian (2)

E
-6J{ ————K=3
-3J9 ———kK=2
-3 K=1
0 |——k=0

FIG. 2. Exchange splitting of the Cr,Bry°>~ dimer according
to Hamiltonian (1).
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can be written as

H=H 0o+ k+HL ,

where
1 S o -
9/0=—ZJZ(K, K;,—L;'L;),
i Lo Lo
Hy vy inEjK, Kj+Jc2K, K|, 4)
3 L]
1 > = - -
%L——Z Jszi.Lj_JL‘ELI'Lj'
ij ij'

Ko is the dimer Hamiltonian producing the Landé split-
ting pattern in Fig. 2. Since we are mainly interested in
the singlet-triplet dimer excitations at temperatures below
10 K we neglect, in the following, the quintet and septet
dimer levels lying at energies of approximately 3 and 6
meV, respectively.

Hk has the form of a normal Heisenberg Hamiltonian,
but the interacting spins are dimer spins rather than
single-ion spins. J°; represents the interaction between
the pseudodimer spins. It is interesting to note that the
intersublattice term of #°; has a positive sign. Its mani-
festation will therefore appear to be ferromagnetic for an
antiferromagnetic interaction. K is diagonal in the
singlet-triplet dimer spin space, whereas Lis completely
off-diagonal. It is therefore the term 5#°; which produces
the dispersion of the singlet-triplet excitation, and #k is
neglected for this calculation.

In order to use the random-phase approximation (RPA)
to decouple the equation of motion, we start by writing
our Hamiltonian in terms of the so-called standard basis
operators (SBO):®

. 1 .
— i il J
X = zEnann— 4 Jp 2 amnam’n’Smnm’n'
i,n i,jym,n,m’',n’
i j'
_Jc 2 amnai,n’n’Smnm‘n‘ ’
i,j',m,n,m’,n’
(5)
|
G;rco:stlc/optm( )(E E —®) 1 2 [ )$Jc ' Ve

(@) | 1Smnrp (1, —

[ ] [ ] [ ]
\ [ ] [ ]
Je
c J
/_7Jp'—'"’. [ )
Jc
/ [ ] [ ]
[ ] [ ] [ ]
————a——

FIG. 3. Schematic structure of Cs;Cr,Brg. The three interac-
tions J (intradimer), J, (interdimer, intrasublattice), and J, (in-
terdimer, intersublattice) are indicated.

where m,n and m’,n’ number the dimer states. E, is the
energy of the dimer state n, with E, defined as E;=0

and, consequently, E;=—J. a,,, is an SBO of dimer i,
defined as
alm=m)n|). (6)

S,unm'n cONtains matrix elements of L as follows:

mnm.n,_Z(m|L“|n)(m |L*|n") . @)

The sum is over the Cartesian components a. Two sets of
time- and temperature-dependent Green’s functions are
defined

Gl (D)= aln(t),ah (0))) ,

) ., (8)
Gr'nnmn l‘):((a,',,,,(t),a,’,,l,,:(O))) ,

where the double angular brackets are defined by Zu-
barev.” The RPA is used to decouple the equation of
motion of the Green’s functions (8). After Fourier
transformation in space and time we obtain

— 1
)Grz:ﬁ;usrnc/optw( q,0)=— E(np —n, )Spr,ﬁp,r .

9)

n, is the population factor of the dimer state | p ). ¥5(q) and y.(q) are the Fourier sums corresponding to the interac-

tions J, and J,, respectively. They are given as follows:
Yp(a) =
Ye ( Ei) =

2[cos(27q, ) +cos(2mg +2mq,) +cos(27qy)] ,
2 cos(mqs){expli2m(q,/3+2q,/3)]+expli2m(q,/3—q,/3)]+expli2mn(

(10)
—2q9,/3—q,/3)1} .

v.(q) is complex and its phase is denoted by ¢. The acoustic and optic Green’s functions in (9) are defined as

G;xrc;ustlc/opnc(q 0)=G - r(q,a))+e Gprp »(q,m) ,

where G, (q,0) and Gppprp

triply degenerate singlet-triplet excitations:

(11)

(q,w) are the Fourier transforms of the Green’s functions in (8). From (9) we obtain two
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@Ot/ G) = [J2 4 M2T (o —n 1 )(Jp ¥, (D) FJe [ 7(G) )12 (12)

M?=5 is the square of the singlet-to-triplet transition matrix element.

Comparing this result with the singlet-doublet system praseodymium, a representative example of the metallic rare-
earth systems,'© two interesting differences are observed. First, Eq. (12) contains only two interdimer exchange parame-
ters, J, and J,, whereas in Pr many exchange parameters are needed due to the RKKY nature of the interaction.
Second, in the dispersion relation for Pr the plus and minus signs in (12) are interchanged. The origin of this lies in the
fact that in our dimer system the interaction producing the singlet-triplet dispersion is the interaction between pseudodi-
mer spins rather than dimer spins. Physically this means that the interaction occurs between individual Cr** ions rather
than Cr3t dimers. Our next step is the evaluation of the inelastic neutron-scattering cross section for the magnetic exci-
tations. It is given as'!

d?’o0(R,»)

= afi o
10 do ImX *°(K,w) . (13)

KaKB
2

~F2( ’?)( l—e —m/kT)—l 2 Saﬂ_
. a,B

K is the scattering vector K= + 7, where 7 is a reciprocal-lattice vector, F (&) is the form factor of Cr3t, and X(K,) is
the generalized susceptibility:

= Bl — . KT+
XPRw)=i [d 3 """
jd.ep,v

- — — —
r r —r.—r,—

dtTp—T; e rV)eiwte(t)<[Si‘1+d+//,’SJ‘B+e+v]> , . (14)

T}, T; are the position vectors of the unit celis, T4,T, denote the positions of the dimers in the unit cells i and j, and T, T,
are the position vectors of the Cr*+ ions within the dimers d and e. ©(z) is the step function. The susceptibility can be
broken down as follows:

XP(R,0)=2X"(k,0) + X"*B(K,0)+ X' —iK,0) . ' (15)

1

X(K,») and X'(K,w) are the susceptibilities within and between the sublattices, respectively. By using the relation

K=4{ + 7 we obtain

X°(%,0)=XP(4,0), X'*P(K,0)=X"Pq,0) "7, (16)
where p is a vector connecting the two sublattices. In analogy to Eq. (8) the acoustic and optic susceptibilities are de-
fined as ' \

yeB acoustic/optiC(a’w) =Xaﬁ(a,w)iei¢X'aB( q,) . (17)

Using Egs. (3) and (6) the spin operators in Eq. (14) are replaced by SBO and the Fourier transformation is executed.
The susceptibility is then broken down as described above. By use of Eq. (9) we finally obtain

Jovp(d)FJ, (4) -
p7/p q c |7/c q | Exgy(w)xyﬁ acoustlc/optw(q’w) . ’ (18)

Xa,B acoustic/optiC( a’w) :Xgﬁ(w )+
1—cos(KR) y

R is the vector connecting the two Cr>* ions of a dimer, and X(w) is the single dimer susceptibility

1

- = 1
Xo(a))=——%[l——COS(K'R)](no—IH) }_—m+m Oyp - (19)

The interesting factor in Eqgs. (18) and (19) is [1 —cos(k" ‘R)]. It does not appear in the corresponding expression for Pr.!

I
1
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1 2 (A
FIG. 4. Inelastic neutron scattering from a powder sample of FIG. 5. Intensity of the singlet-triplet excitation as a function

Cs;Cr,Bro at 7 K and k=0.88 A~!. The solid line is a guide for of « in the powder sample of Cs;Cr,Br,. The solid line
the eye. represents the product FA(&)-[1+sin(<*R)/«kR] (Ref. 12).
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This term produces the K dependence of X,(w) and, therefore, of X(q,w). It is an interference term which typically
occurs in the INS cross section of dimer systems.!> Combining Egs. (13)—(19) we finally obtain for the cross section

d%o(ik,w)

dQdw

X |[14cos(pT+4)]

[

8w — % G)) +-[ 1 —cos(F7+)]

acoustiC( a )
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ergy dispersion of the well-defined magnetic excitations.

~FXR)(1—e =k Ty~Y(ny—n N —I)[1—cos(FR)]

1

__ . optic( =
woptic(a)S(co w°P'(q))

. (20)

RESULTS AND DISCUSSION

Figure 4 shows a powder INS spectrum of Cs;Cr,Brg at
7 K. It consists of two broad and poorly resolved features
at energy transfers of approximately 1 and 2 meV. Figure
5 shows the intensity-versus-« behavior of the 1-meV exci-
tation. Its magnetic nature is evident from the depen-
dence of the intensity on « and the temperature. The 2-
meV feature disappears on cooling to 1.6 K. We therefore
assign the 1- and 2-meV features to singlet-triplet and
triplet-quintet dimer excitations, respectively. In contrast
to other Cr’* dimer systems which have been investigated
by INS (Ref. 13) the observed bands are broad. They
must be broadened by a physical effect, because the in-
strumental resolution in Fig. 4 is better than 0.5 meV.

On the basis of these preliminary measurements we de-
cided to investigate the singlet-triplet excitation in detail
on a single crystal at low temperatures. Figure 6 shows a
number of selected INS scans at 1.6 K. Obviously the ex-
citation energy depends on the scattering vector, and this
immediately explains the unusual width of the bands in
the powder spectrum. At the (0.6,0,2) point in the Bril-
louin zone two excitations are observed in the INS spec-
trum. Systematic scans were taken in the symmetry direc-
tions of the crystal: '—4 [001], T—K [110], and T—M
[100]. Figure 7 shows the results of .all the dispersion
measurements at 1.6 K. Included in Fig. 7 is the result of
a least-squares fit of the theoretical dispersion relation
(12) to the data. The fit is excellent and the following pa-
rameter values were obtained:

J=—1.03(1) meV ,
J,=—0.054(1) meV ,
J,=—0.039(1) meV .

21

£ (meV)

2

/]

LN

/]

r M K r A

0

FIG. 7. Observed and calculated [Eq. (12)] excitation energies
for the three symmetry directions of the hexagonal lattice:
I'—A4 (001), '—K (110), T'—M (100). The parameters (21) were
used for the calculation. The upper and lower branches corre-
spond to the optic and acoustic modes, respectively. The hor-
izontal line at 1.03 meV corresponds to — J.
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(The values of J, and J,. here are twice those reported in
Ref. 7, because in the present paper the corresponding
terms in the Hamiltonian are not multiplied by a factor of
2 for reasons of consistency with the parameter J.) Both
Jp, and J, are antiferromagnetic. The acoustic and optic
modes were distinguished on the basis of the factor
[1xcos(gT+¢)] in the scattering law (20). Figure 8
shows a comparison of observed and calculated energies
and intensities in the three symmetry directions at 1.6 K.
It shows that the parameters derived from the energy
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dispersion reproduce the relative intensities with remark-
able accuracy, thus providing additional support for our
theoretical model.

The antiferromagnetic sign and the similar magnitude
of J, and J, are not unexpected. As the detailed structure
shows, similar superexchange pathways Cr-Br- - - Br-Cr
exist in both cases. '

A contour plot of the acoustic mode in the basal plane,
calculated using Eq. (12), is shown in Fig. 9. There is a
flat ringlike trough around the K point with no preference
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FIG. 8. Observed and calculated INS energies and intensities for the symmetry directions of the hexagonal lattice at 1.6 K. The
calculation was performed by using Egs. (12) and (20) and the parameters (21).
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FIG. 9. Contour plot (in units of meV) of the acoustic mode
at 1.6 K in the basal plane. The dotted line around the K point
indicates the minimum.

for a potential ordering vector.

The temperature dependence of the acoustic mode was
measured at the M point, which is close to the minimum
energy of the dispersion. The results are plotted in Fig.
10. The observed behavior of both the energy and intensi-
ty of the excitation between 15 and 1.6 K is typical of a
soft mode. At 1.6 K the softening is not complete, how-
ever, and on the basis of our theoretical model the system
is not expected to order at lower temperature. The
theoretical temperature dependences, derived using Egs.
(12) and (20), are included in Fig. 10. The excitation ener-
gy levels off below 1.5 K. Since the energy gap around
the K point is below 0.3 meV at 1.6 K we cannot com-
pletely rule out the possibility that the system will order
below 1.5 K due to some additional effects which have
been neglected so far. Within our model we would expect
the system to order if the ratio

|M2J* /T |,
(22)
_Jp'}/p(a())_']c | 7/0(60) ‘

were larger than 1. With the exchange parameters (21) we
obtain a value of 0.92 for this ratio and the system is
therefore slightly undercritical.

The interdimer to intradimer exchange ratio (22) can be
varied by physical and chemical perturbations. Since in
Cs;Cr,Bry the ratio is very close to the required threshold
for magnetic ordering, not too great a perturbation may
be required to induce a phase transition to an ordered
phase.

Application of an external magnetic field is the most
straightforward physical perturbation. On the basis of
Eq. (12) we estimate that at 1.6 K a field of 37T should be
sufficient to induce magnetic order. We suspect, however,
that anisotropy and correlation effects may become im-

B. LEUENBERGER et al. 30

I
301
154
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0 T T T
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E(meV)
154
14 e
0.5
G T T T
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FIG. 10. Observed and calculated [by using Egs. (12) and
(20)] temperature dependence of the energy and intensity of the
acoustic mode at the M point. The small decrease of the inten-
sity towards the lowest temperatures may be an artifact of the
RPA.

portant as we approach the critical region. Chemical per-
turbations involve substitutions of Cs by Rb and Br by Cl
or I. The latter are expected to be more important be-
cause they directly affect both the intradimer and interdi-
mer exchange. For Cs;Cr,Cly we expect an increase of J
and a decrease of J* resulting in a smaller ratio (22).
Magnetic order is therefore not expected to occur at finite
temperature. The trends are expected to be reversed for
Cs;Cr,ly, with J decreasing and J* increasing, thus in-
creasing the ratio (22) to above the threshold value. We
are presently engaged in applying both phys1ca1 and
chemical perturbations to Cs;Cr,Br,.
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