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Abstract Salts with formulae AjCrX,_yYy, where A = K*, Rb*, Cs*,

= alkyl or aryl); X =Cl, Y - r, have layer structures
based on that of KyNiF,. Near neighbour exchange in the two-
dimensionally infinite CrX; lattice is ferromagnetic because of
'orbital ordering’ induced bx a cooperative Jahn-Teller distortion
of X around the high spin 3d% Cr(II). Curie temperatures (3D
ordering) vary from 35 - 60 K with A, X and Y, though the ratio of
intra- to interplanar exchange constants is at least 103. 1Inter-
layer exchange can be tuned by varying the distance between the
layers or the axial halide ligands. For the prototype compound
RbyCrCl,, polarized neutron diffraction has given information on
the orbital occupancies that give rise to the ferromagnetic
exchange, and optical experiments at very low temperatures (0.3 K)
show how the spin-forbidden ligand field transitions in the
visible couple to spin-waves in the ferromagnetic lattice.

INTRODUCTION

The tetrachlorochromate(II) salts, AIZCrCI4 vhere AL is a Group I
cation or RNH§, are rare examples of ionic insulators which order as
ferromagnets (T, = 35-50 K) (see Ref. 1 for a reviev).1 They are also
unusual in having well defined aborption bands in the visible, whose
intensity is strongly reduced with the onset of magnetic order. The
crystal structure of the prototype compound RbyCrCl,; is related to the
tetragonal KoNiF; structure but because the high spin 3d4 configura-
tion of the Cr2+ has a ground state 5Eg in octahedral ligand field,
the corner-sharing CrClg units are subject to a Jahn-Teller
distortion. The latter takes the form of a tetragonal elongation with
the principal axis lying within the basal plane. The site group of
the Cr2+ is Dy, for which the ground term becomes 5Ag and the
electron configuration of the CrZ+ is expected to be
(xz)1(yx)l(xy)l(zz)l(xz-yz)o, where z is the local principal axis of
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the elongation. This ground configuration has been verified by
polarized neutron diffractionZs3 and we give a brief account of this
important technique as applied to RbjCrCly.

The actual Cr-Cl bond lengths in RbyCrCl, approximate quite
closely to a D4y ligand field and the ground term then becomes
B1g(°Ege). Alternate CrClg are elongated along the [100] and [010]
axes of the parent KjNiF, cell, so that z-axes of neighbouring Cr+
are orthogonal.‘hs’6 Superexchange between the half-filled zZ orbital
on one site and the empty x2-y2 on the next, via the 3po orbital of
the bridging Cl-, assures a ferromagnetic near neighbour exchange.7
The 5Ag ground term suffers a zero-field splitting because of second-
order mixing with excited states due to spin-orbit coupling. This
gives rise to a single ion anisotropy term D constraining the moments
in the basal plane and a further term P which, in the absence of
exchange, would constrain neighbouring moments alternately along [100]
and [010]. The result of the competition between the ferromagnetic
exchange and the orthogonal directions of P on neighbouring cations is
a magnetic structure having the easy direction along [110] but with
alternate moments canted a few degrees to either side of this axis.6

The unusual temperature dependence of the visible absorption bands
in RbpCrCly has been the subject of numerous studies.8-10 Attention
has concentrated on two regions near 630 and 530 nm. In both regions
the integrated band intensity obeys a 12 temperature dependence 4-50K.
Since the bands are due to quintet-triplet ligand field transitions,
their electric-dipole intensity is derived from coupling the creation
of such an exciton with annihilation of a thermally populated magnon.8
The intensity is therefore determined by the Bose population of the
magnons. Closer inspection of the 631 nm absorption region between
0.8 and 4.2 K revealed a deviation from the T2 intensity law expected
for a square planar Heisenberg ferromagnet with small anisotropy,
because in this temperature range the thermal energy becomes com-
parable to the anisotropy gap in the magnon dispersion at the
Brillouin zone centre.? Furthermore, when the temperature is low
enough to remove most of the intensity from the magnon annihilation
sideband (’hot’ band), a weak magnon creation sideband ('cold’ band)
becomes apparent. It is rendered allowed by the small antiferro-
magnetic component in the structure, which arises from the canting.

Application of a magnetic field along [110], [100} or [001] at a
fixed temperature causes an overall reduction in the intensity of the
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major bands at 631, 523, 534 and 532 nm because the magnon dispersion
surface is shifted by the Zeeman energy and the magnon population is
changed.11 More subtle effects may be anticipated, however, because
the zone-centre anisotropy gap is not a monotonic function of field
applied along the hard [100] and [001] axes because the moments must
rotate first into the direction of the field.l2 For example, the
critical field needed to bring the moments from {110] to the [100]
direction has been found by inelastic neutron scattering to be
0.21T.13 It has also been observed that several bands, e.g. at
632 and 625 nm, shift with field much more than one would anticipate
for a Zeeman splitting with g ~ 2. The same bands also increase in
intensity very markedly with applied field.1ll

The present paper surveys optical and magneto-optical data for
RboCrCly as a function of temperature and magnetic field applied along
[110] and [100], and outlines a quantitative discussion of the band
shapes and energy shifts. We describe absorption spectra for the
631 nm region down to 0.35 K in zero field, which enables us to locate
the exciton origin line and hence the energies of the magnon creation
and annihilation bands on each side of it.

POLARIZED NEUTRON DIFFRACTION

The electron configuration of CrZ+ is high spin (3d)4. Qualitative
crystal field arguments suggest that elongating the CrClg octahedra
splits the eg subshell so that (22) is half filled and (x2—y2) empty,
vhere z is the local coordinate of the elongation. ’Orbital ordering’
of this kind provides the microscopic mechanism of the ferromagnetic
exchange in the isostructural 3d9 compound KZCuF4,14 and these argu-
ments were extended to the 3d4 configuration7 to determine to what
extent such orbital ordering exists in RbyCrCly by making a quantita-
tive examination of the spatial distribution of unpaired spin density.
Since superexchange between the half filled (zz) on one Cr2+ and the
empty (xz—yz) on its neighbours is likely to be the dominant mechanism
for the exchange interaction, it is also of interest to estimate the
fraction of unpaired spin transferred to the bridging Cl- ions in the
basal plane.

To model the observed magnetic structure factors (Fyphg) Ve
consider the magnetization density as a superposition of unpaired spin

densities arising from the occupation of individual atomic orbitals on
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each atom, which are represented by form factors which take account of
the local site symmetry. Occupancy of each orbital is determined by
least squares fitting to the Fygpg-

The cross section for the interaction of polarized neutrons with a
ferromagnetic sample is:15

(@) = (@) + ¢*F2(0) + 242 (Q)F, (O) (1

where Fy(Q) and Fy(Q) are the nuclear and magnetic structure factors
and q2 equals sin?« vhere « is the angle between the scattered vector
Q and the moment direction and P is the degree of the incident
polarization. For perfectly polarized neutrons, P = + 1 so that for
each Bragg reflection the 'flipping ratio’ for a reversal of the
direction of polarization is,

o (Q) i Fs(O) + qu:(O) + ZqZFN(Q)FM(Q)

R(Q) = = 7 ) Pl (2)
G (Q)  Fg(Q) + q°Fy(Q) - 29°Fy(Q)F,,(Q)
For a symmetrical crystal such as RbyCrCly,
2 2
R(Q) = Y (@ + 2v(Q) + (1/q7) (3)

Q) - 2v(Q) + (1/q%)

vhere v(Q) = Fy(Q)/Fy(Q) is the ratio of two real quantities. +v(Q) is
determined from the experiment, and if Fy(Q) is already known from an
unpolarized neutron diffraction experiment, Fy(Q) can be found.

The crystal was cooled in a 5T cryomagnet to 4.5 K. Data were
collected on the D3 polarized neutron diffractometer at the Institut
Laue-Langevin, Grenoble. The flipping ratios of 660 main structure
reflections (189 independent reflections) were measured up to
sin®/X € 0.8 A-1. To model Fygpg ve followed Schweizer and Tassetl6
and considered the magnetization density as a superposition of
independent densities from individual electrons with unpaired spin in
specified orbitals centered at the magnetic ions. The calculated
structure factor is given by

3ok .
Fycalce(® = ? f : my £’ (Qexp(iQ-ry \Jexp(-Vy), (4)
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vhere mj g is the moment, fg’kis the magnetic form factor of an
electron in orbit p on atom of type j, and ry,k is the position of the
jth type atom at the kth position in the unit cell. The orbital form
factor of a 3d electron is assumed to be isotropic15 and equal to

£1(Q) = <Jo(®> + <j2(Q)>, (3)

vhere the radial integrals <jo>, <j2> are related to the mono-
electronic wavefunction. Thus the overall structure factor for Cr(3d)
is given by a summation of contributions from each orbital weighted by
its fractional occupancy n(orb):

F

McalcCr(3d)=*11n[Cr(3d)] ;k[vln(3dzz)f[j’3d22]+n(3dxz)flj’3dxz]

+ n(3d,,)E[3,3d,, ] + n(3d,_ 2)E13,3d,2  y2] + n(3d, )EL5,3d, 1]
+ (1-W)[<§(@)>4<3,(0)>]) exp(4Q-ry | Jexp(-¥p ), (6)

vhere v = 0.2695[10‘12 cm ug] and m[Cr(3d)] is the localized magnetic
moment on one Cr atom in Bohr magnetons (ug), and v and (1-v) are
respectively the spin and orbital proportions for the spin and orbital
form factor respectively. Note that n(3dzz) = n(3dxz) = n(3dyx) =
n(3dx2_ y2) = n(3dxy) = 0.2 represents a spherical distribution of the
moment density. Any deviation from these values signifies an
aspherical distribution.

The main conclusion from fitting different atomic models to the
observed magnetic structure factors of RbaCrCl,; is a strong vindica-
tion of the concept of ’orbital ordering’ in compounds with coopera-
tive Jahn-Teller distortions. The results are listed in Table I.

Even the crudest model, which assumes that the spin density is
confined to the Cr(3d) orbitals (fit 1, table I), shows quite clearly
that the moment is distributed almost equally between xz, yz, xy and
z2 orbitals, with xz—y2 unoccupied. Though the distribution of the
moment between the four occupied orbitals is not required to be equal
by symmetry, in no case does the proportion of the total 3d moment
occuping any of these orbitals deviate from 25% by an amount greater
than the standard deviation. The refinements indicate the proportion
of the moment arising from orbital angular momentum to be zero, though
the crude Cr(3d) model fails to account for the whole moment since
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TABLE I  Parameters from least squares fit of Fyca1c to the
FMobg from polarized neutron diffraction experiment on RbjCrCly

(Ref. 3).

Fit Number
Refined parameters 1 2 3
m[Cr(3d)][up] 3.51(3) 3.50(4) 3.16(8)
v(Cr(3d)) 1.08(2) 1.07(2) 0.97(3)
n(Cr3d;2) 0.26(2) 0.26(2) 0.25(2)
n(Cr3dx2_y2) -0.02(2) -0.03(2) -0.01(2)
n(Cr3dyz) 0.24(1) 0.24(1) 0.26(2)
n(Cr3dys) 0.24(1) 0.23(1) 0.25(2)
n(Cr3dyy) 0.29(—) 0.29(—) 0.25(—)
m{C1(1)3p])[up] - 0.08(3) 0.06(3)
n(C1(1)3py) - 0.6(3) 0.9(1)
n(Cl(1)3py) - 0.8(3) 0.7(4)
n{C1(2)3p]{upl - 0.08(5) 0.08(5)
n(C1(2)3py) - 0.4(3) 0.5(2)
n(cl(2)3py) - 0.2(3) 0.3(3)
m[C1(1)3s][up] - - -
m[C1(2)3s] [up) - - -
m[Cr(1)4s}H{upl - - 0.6(1)
R’ 0.00882 0.00839 0.00767

R’ = [E(PMobs - FMcalc)?/ 8F2yobs]/ [ EF2yobs/ 8F2Mobs i
1/8Fyohs is the weight attached to each Fyghg where 8Fyobs
is its standard deviation.

the refined value of 3.51(3)ug falls appreciably below the expected
4ug. Including Cr(4s) and Cl(3s,3p) improves the situation
appreciably, giving the total moment of 3.86ug.

Since the distance between nearest neighbour Cr2+ in RbyCrCl, is
5.09 A, it can be assumed that direct exchange between 3d orbitals
does not play a significant role in the magnetic ordering mechanism
and that cation-anion-cation superexchangel’ is the dominant process.
The topology of the cation and anion array within the basal plane is
such that only 180° superexchange need be considered.

With the 3d orbital populations experimentally determined, the
"orbital ordering’ mechanism for the ferromagnetic exchange in
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KoCuF; 14 can be extended to explain the ferromagnetism of RbyCrCl,.
Because of the cooperative Jahn-Teller distortion, the half-filled z2
orbital on Crl overlaps with the 3p, orbital on Cl(1), which in turn
overlaps with the empty x2—y2 orbital on Cr2. The latter orbital is
orthogonal to the half-filled zZ on the same centre, so intra-atomic
electron repulsion is minimized when the transferred spin in x2—y2 is
parallel to that in the z2 orbital, and likewise to the spins in the
other three half-filled 3d orbitals. This conclusion agrees with the
arguments of Eremin & Kalinenkov/.

Central to the superexchange mechanism is a degree of cation-anion
covalency. There is no real difference in the proportions of the
Cl(3p) moment occupying x or y orbitals on either site, though there
is some indication that spin declocalization is greater through the pg,
than the py orbitals. This agrees with polarized neutron diffraction
data on the discrete CoCl%— complex in Cs3CoCls. However, the
magnitude of the total 3p moment shared between Cl(1l) and C1(2) in
RbyCrCl, (0.14 up) is distinctly greater than the Cl1(3p) moment in
CoC127(0.08 up).

SPIN WAVES IN A MAGNETIC FIELD

To understand the optical absorption spectrum and the effect on it of
temperature and magnetic fields, we need to examine the magnetic
excitations (spin waves) in a two-dimensional square easy-plane ferro-
magnet. This problem has been treated in several papersllrlz,l8 so ve
shall briefly summarize the conclusions. Since alternate CrClg
octahedra (i1 and j) in the layers of the tetrahalogenochromates(II)
are elongated along [100] and [010] of the KoNiF,; unit cell, ve use a
tvo-sublattice model. With the notation of Fig.1l, the spin
Hamiltonian in the absence of a magnetic field isl2

2 2 2 2
= =L J(S;.8:,) - P{ESS_ + £S5 ) +D{L S5 + LSS )
ﬂ 1,3 i1°7j2 i iz j 3% i Wy o5 Iy

N
wvhere J stands for the nearest-neighbour exchange interaction between
spins in the (001) plane. The easy axis of magnetization is [110]
but, due to the P terms, the spins on the two sublattices i, j are

canted at a small angle to this direction.
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——m e -

FIGURE 1. Magnetic and crystal structures of RbyCrCl, in the
(001) plane. Canted spins lie along z] and zy in sublattices 1
and 2 respectively with the angle © exaggerated.

At T=0 the diagonalized spin-wave Hamiltonian has an acoustic (E,)
and an optic (E_) branch with energies which vary with wavevector k as
follows:

(B1)2- (4SJ (cos 206 % v) + S[2D + P (1 + sin 20)])
(48] cos 26 (1 ¥ v) + 2SP sin 26)

(8)

vhere vy = (1/4) iiexp (ik.Ri). The two branches meet at the zone
boundary where y = 0 and E = 4SJ since the P and D terms are small
relative to the J term. The canting angle © is given by tan 20 =
P/4J. At the zone centre, E_= 8SJ and a small gap also appears in the
acoustic branch:

(E0)2 = P2S2 (P + 2D)/2J 9)

Next it is worth summarizing the effect of a magnetic field on the
spin vaves.12 Let E; = gug.H be the Zeeman energy. With the field
along the energy [110] axis, the gap energy varies as:

(E,)2 = (E0)2 + (Ez)2 + E,S[2D + P} (10)

while E_ varies linearly with E, at all fields. When a small field is
applied in the [100] direction, the spins first rotate their mean
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direction (fig. 1), making an angle ¢ with [100]. One finds
E; = (PZ/J)cos¢ cos2¢. At the same time O decreases according to the
law © = (P/BJ) sin2¢ so that the gap becomes zero for E; = (PZ/J).
This gives the field required to pull the canted spins into the [100]
direction. At sufficiently high fields (1.5 T), E, follows Eq.(10)
approximately.

Finally, when H is parallel to [001], the mean field direction
makes an angle ¢ with [110] and one finds approximately:

sin¢ [P2 + 8J (P + 2D)/4J
cos¢ [(Ez/PS sin¢) - (2 + D/P)]

Ez
]

(11)

It can be seen that both the gap energy and © go to zero for E, ~
2(P + 2D) while for higher fields, E, increases monotypically with a
slope given by Eq.(10).

The parameters given in ref. 19 (J = 10.6 cm'l, P = 1.65 cm-! and
D = -0.22 cm~1) lead to EO = 0.79 cm-! and a canting angle in zero
external field of 1.1°. Assuming a g factor of 2, the critical
magnetic fields H, for turning the spins towards [100] anbd [001] are
therefore 0.276 T and 2.67 T respectively. The magnetic field
dependence of the zone centre gap energy calculated from these
parameters is shown in Fig.2(a). In fact, this variation has been
measured at 4.2 K by long wavelength (6A) inelastic neutron scattering
for H // [100] using the IN12 spectrometer at the Institut Laue-
Langevin, Grenoble, with the results shown in Fig. 2(b).13

OPTICAL ABSORPTION SPECTRUM: MAGNON CREATION AND ANNIHILATION
SIDEBANDS

It is found experimentally that cooling the crystal to very low
temperature eliminates the annihilation band while the intensity of
the creation band remains constant below 1K and decreases only slowly
above that temperatureG’lo (Fig. 3(a)). Applying a field along

{100] > H, makes both sidebands less intense, with the creation band
moving away from the annihilation one, the latter remaining almost
unchanged in energy (Fig. 4(a)). This arises from the fact that, when
the magnon energy is a linear function of field, the increasing energy
gained from destroying a magnon offsets the increasing energy needed
to create an exciton. The creation sideband shows a larger shift
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FIGURE 2. (a) Calculated field dependence of the acoustic gap
for H along [110] (upper curves), [100) (intermediate) and [001]
(lover curves) respectively. The dotted lines reflect a 5° mis-
alignment of the field off the above axes in the (001) or the
(110) plane (g = 2, J = 10.4 em~1, P = 1.65 cm~! and D =

-0.22 cm~t). (b) Measured field dependence of the acoustic gap
for H along [100].13

(a) /K R T/K (b)

E/em™

FIGURE 3. Absorption spectra for region I of RbyCrCl, at very
low temperatures. (a) Observed spectra. The inset shows the
temperature-dependence of the hot band. (b) Simulations (J,P,D,g
parameters listed in text).
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E/cm" Efem™t

FIGURE 4. Influence of a magnetic field H // [100] in region I
at 1.4 K. (a) Observed spectra, (b) Simulations (J,P,D,g
parameters listed in text).

because the extra energy required to create the magnon adds to that of
the exciton. The band shapes for the magnon annihilation (hot) and
creation (cold) sidebands have been calculated rigorously in the
absence or presence of a 'large’ external magnetic field (H»H.) by
numerical methods, taking account of all the points in the Brillouin
zone.10,12,18

To follow the intensity and shift of the hot band in a small
magnetic field, one can use a simplified model, which we shall
describe briefly. For details of the full calculations, see ref. 10.
Quite generally, the absorbance can be written (apart from a constant

multiplicative factor) as

A= M |20 (12)
where M is the effective dipole movement associated with the
transition; n is given by the Bose-Einstein law

n = [exp (E/kT - 1)]-1 (13)
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E is the magnon energy and p is the magnon density of states at energy
E. In the limit where k ~ 0, E is given by

E = E(0) + o k2 (14)

Moreover, M varies as (sin2 kxR + sin kyR), i.e. as k2 at lov k. For
a twvo-dimensional Bravais lattice, one has

p = 7% k %% = constant at low k (15)

Finally, the profile of the hot band is calculated using the
relationship A = (E-E(0)) [exp(x) - 1]-1 vhere x = E/KT. Vhen a
magnetic field is applied, we substitute E(G) for E(0), E(G) being
given by eq.(10) (E(G) = E,) for H // [110] or fig. 2(a) for the field
in the two other directions.

The calculated temperature and field dependence of the sidebands
is shown in figure 5(b) for H approximately along [100]. As expected
from the spin-wave behaviour, the hot band now undergoes a slight blue
shift vhen H increases from O up to the critical field H. with a

Efem™!

(a) (b)

FIGURE 5. Influence of a magnetic field B//[100] in region I at
1.8K. (a) Observed spectra1 (b) Simulations (at 1.4K; J,D,P,g
parameters listed in text). 0
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simultaneous increase of the intensity. For H lying between H. and
about 1T, a small shift of the maximum is seen in the opposite direc-
tion because the gap is now increasing again (figure 2(a)). Above 1T
the position of the hot band is field-independent because the
increasing energy of the gap is compensated by the increased energy of
the exciton. Again, these findings are in very good qualitative
agreement with experimental data.l0

A difference between the experiments and theory is that, experi-
mentally, the gap between the hot and cold bands, e.g. in Fig. 5, is
partially filled. This is because the width of the exciton absorption
line (0.9 em~1) is not insignificant compared to the width of the
sideband. A similar gaussian distribution should therefore be given
to each k-point in the lineshape function. Then the hot band has a
symmetrical profile (Fig. 3(b)), as found experimentally, and the
exciton appears as a shoulder between the two bands. The most
interesting observation, however, is that the ratio of the hot-band :
cold-band intensities depends very critically upon the relative values
of the two parameters P and D. Thus the simulation demonstrates
conclusively that D is negative, as can be verified by comparing the
theoretical results in figures 3(b) and 4(b) with the experimental
data in figures 3(a) and 4(a). Excellent fits are obtained by using
the following set of parameters: J = 10.42 cm‘l, P = 1.55 em-1 and D
= -0.22 cm~l. These lead to Hy = 0.25 T, Hy = 2.54 T, E; = 0.75 em-1
and E, = 168.0 em~1, in quite satisfactory agreement with all the
optical, magnetic resonance and neutron scattering experiments.

CONCLUSIONS

The optical and magnetic behaviours of the prototype ionic ferromagnet
RbZCrclz are nov very well understood, both qualitatively and quanti-
tatively. The reason why it is ferromagnetic has been established
from the ’'orbital ordering’ determined by polarised neutron diffrac-
tion. The variation of the magnetic excitations (spin waves or
magnons) with wavevector and applied field has been measured and
related to the equilibrium canted spin structure. Knowledge of the
spin wvaves leads to detailed simulation of the lineshapes of the
visible absorption bands and the way in which they change with
temperature and applied field. It remains to apply the recipe to con-
struct other ferromagnetic lattices with unusual optical properties.
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