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Abstract. The magnetic and electronic propertiesof RbVF, have beenstudied usinginfrared 
absorption spectroscopy and neutron scattering techniques. The V"+ ion has in its ground 
state bothorbitalandspin angular momentum andsoisstrongly influenced by the tetragonal 
and orthorhombic crystal fields. The absorption bands in the infrared have been assigned 
to transitions between the states of the V*++ ion. The neutron scattering measurements 
determined the nature of the antiferromagneticorder and the low-temperature excitations. 
ThegroundstateoitheV**' ionsisadoublet which issplit by the magneticorderingat 44 K. 
The temperature dependence of the order parameter and the behaviour of the excitations 
suggest that the magnetic interactions are largely confined to the antiferromagnetic sheets. 
The excitations observed are not associated with the ground doublet but with transitions 
from the ground state to the next excited state. Values for the crystal field, spin-orbit and 
exchange parameters are deduced. 

1. Introduction 

The magnetic properties of the 3d transition metal ions are very dependent upon the 
valency of the ion and its local environment. Most of the studies of the spin waves in 
concentrated materials have been on materials with ions in the second half of the 3d 
shell such as Mn+t,  Fe++, CO++, Nit+ and most recently Cut+. Relatively little work 
has been performed on the ions in the first half of the shell, and so in this paper we report 
onmeasurementsof theexcitationsinRbVF,, where the V+'+ ion has two3delectrons. 
The results show the importance of spin moments, the effect of the local crystal field, 
and the exchange interaction. 

The crystalstructure of RbVF,is a layer structure in which two-dimensional networks 
of VFb octahedra are separated by Rb ions. The ideal structure is the TIAIFJ tetragonal 
structure with one formula unit in each unit cell. The V ions are at the origin of the unit 
cell, the Rb ions at (4, i, 1) and the F ions at (&, O,O), (0,4,0) and (0, 0, 2 U) with U = 
0.28 (Hidaka et al 1986). The lattice parameters are approximately a = b = 0.385 nm 
and c = 0.632nm, so the V-F bonds are 0.192nm long in the ab plane and 0.178 nm 
alongc. Each Vion is then surrounded by a tetragonal environment ofFions. In practice 
RhVF,doesnot have thisidealstructure (Hidakaetal1984), but the structure isdistorted 
by rotations of the F octahedra about the a, b and c axes together with a displacement 
of the Rb ions along the c axis. Below 184K superlattice reflections are observed 
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Figure 1. The absorption spectrum of RbVF, in 
the near infrared at 9K. The vertical scale is arbi- 
tary and the horizontal scale is frequency. 

Figure 2. Delails or the absorplion spectrum of 
RbVF, at 9K to show the sharp peaks. Some of 
these measurments were performed with samples 
of different ihicknesses from those used far the 
results in figure 1. 

corresponding to wavevectors, ($, & , O ) h / a ,  (1,0,0)2n/u and (0, &, O ) k / u  where as 
throughout this paper, we shall refer all wavevectors to the reciprocal lattice of the ideal 
unit cell. The unit cell has small distortions, of order 0.36%, to give an orthorhombic 
structure. As far as we are aware the detailed low-temperature crystal structure of 
RbVF4 has not been determined; it is. however, likely to be similar to that of CsVF, for 
which Hidaka era/ (1986) determined rotations of about 7" about the c axis and 5" about 
the U and 6 axes. The local environment of each V ion is then based on an octahedral 
arrangement of six F ions with a large tetragonal distortion and a smaller orthorhombic 
distortion due to the F rotations. We discuss the effect of this structure on the energy 
levels of the V ions in the next section, and also describe infrared measurements of the 
absorption spectra. 

Neutron scattering measurements of the magnetic structure and low-energy exci- 
tations were performed at Chalk River Laboratories. There is an antiferromagnetic 
transitionat 14Kwithawavevectordescribed by($, $,0)2n/u,showingthat themoments 
align parallel to one another in successive V-F planes. This is the same structure as 
found in CsVF, (Hidaka et U /  1990) when a magnetic field of 21 is applied along the c 
axis. The results and those for the excitations are described and discussed in section 3. 

2. Single-ion properties 

2.1.  Infrared measurement$ 

The infrared absorption spectrum of RbVF4 was measured using a Perkin-Elmer 
Lambda 9 spectrophotometer. The results for incident photon frequencies between 300 
and 1000 THz with the sample cooled to 9K are shown in figure 1. They show four broad 
peaks at the frequencies listed in table 1. On raising the temperature the frequencies of 
these peaks were essentially independent of temperature. A more careful study of the 
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Table 1. Frequencies of the transitions observed in the infrared spectrum at 9K. (a) Broad 
features. ( b )  Sharp weak features. 

Observed frequencies 

(a-') (THz) Assignment 

(a) 26400f3MI 7 9 2 ~  10 'A, 
\ 7' 
/T2 

19600t  300 588 f 10 'E 
16000-+400 480+ 12 'E 

\ 
13 200 t 400 396 f 12 'B, 

( 6 )  21420il30 6 4 2 2 1  
'A I 

20 820 f 30 625 -c 1 \ 
15580i30 4 6 7 2 1  /" 
15 MI0 f 30 450 f 1 
11 080 t 30 322 t 1 

10470 t 30 314k 1 

lB* 

'A,or 'E--'T, 

Calculated 
(THz) 

792 

513 
555 

396 

620 

269 

262 

spectra also shows three sharp doublets, as shown in figure 2 ,  with frequencies as 
indicated in table 1. All of the doublets have the same splitting, namely 17.5 * I THz. 
On warming this structure became less distinct, and could not be observed with the 
sample above 80K. 

2.2. Theory of the I/+++ ion 

There are two 3d electrons in the V t + +  ion, and its properties in a cubic crystal field 
were calculated by Tanabe and Sugano (1954), by Liehr and Ballhausen (1959) and have 
been reviewed by McClure (1959) and by Abragam and Bleaney (1970). Analogous 
calculations in a tetragonal crystal field were performed by Maki (1958). We shall make 
use of their results without giving a detailed derivation. The ground state of the free 
V+"+ ion is a SF state ( L  = 3, S = l), and in a weak cubic crystal field this sevenfold 
orbitally degenerate state is split into a TI ground state and 3T2 and 'A, excited states. 
In RbVF,, however, the crystal field splittings are not small, but are comparable with 
the energy differences between the 3F state and the excited free-ion states, ID, 3P, 'G 
and ' S .  Consequently the optical spectrum, figure 1, can only be obtained if both these 
higher states and the crystal field effects are included. Figure 2 shows a schematic 
diagram of the splittings of the different states in a weak crystalline field but in practice 
there is considerable mixing between the states of the same symmetry. 

The optical spectra of V++ + ions in solution show three absorption bands at 522 THz, 
762THz and 1035 THz which are assigned to transitions from the 3T, ground state to 
the 3Tz, T1 and3Azexcitedstates. By analogy withtheseresultswecanassign the results 
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Figure 3. Schematic energy level diagram for Vi+' ion, (a) free (b) in a weak octahedral 
field. (E) in a tetragonal field. (d) in the orthohombic and spin-orbit fields and (e) in a 
molecular magnetic field. The labels in (a)-(c) are symmetry labels while those for (d) and 
(e) are energies. 

shown in figure 1 and table 1. The rise at the high-frequency end is associated with a 
transition to  the 3AZ state, while the four peaks in figure 1 are associated with transitions 
to the 3T2 and 3T, excited states which are both split by the large tetragonal distortion 
of thc crystal field as shown in figure 3..  The cubic crystal field paramcter can then be 
estimated by treating the Coulomb interactions as given by McClure (1959), and 
assuming that there is a simple splitting of the cubic crystal field by the tetragonal 
distortion. The levels so deduced are given in table 1 for a cubic crystal field parameter 
lODq = 490 THz. These results are then reasonably consistent with the experimental 
results if we assume there is a simple level repulsion between the two E levels, raising 
one in frequency by 75 THz and reducing the other by the same amount. 

The n-eak sharp features in the spectrum arise from transitions in which the spin 
quantum number changes. For all three of the features there is a doublet with a splitting 
of 17.5 THz. and so it is reasonable to suppose that this splittingarisesin the ground 
state. The transitions then arise from the ground state to a 'Al state with a frequency in 
good agreement with the model, and to the 'TI and 'Estates both of which are split by 
the tetragonal field, and within the energy interval available in the experiment only one 
of each of the tetragonal-split states is observable. These considerations then provide a 
consistent explanation of the infrared spectra in figures 1 and 2, with a reasonable value 
of the cubic crystal field parameter, but with large splittings, 280,160 and 279 THz, of 
theexcited states by the tetragonal crystal field. 

2.3. The ground state 

The results of the previous section are consistent with the theoretical calculations which 
suggest that the ground state of the Vi++ ion in an octahedral crystal field is a ?, state. 
These statescan be described by an effective orbital angular momentum, 1 = 1, and have 
spin, S = 1. The matrix element of the orbital angular moment, L. are then given by the 
matrix elements of I multiplied by a constant, -e, where in the weak-crystal-field case 
e = 1.5 and in a stronger crystal field LY is probably smaller. 
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Table 2. The wavefunctions I l>SJ and energies of the ground state manifold of the V*'+ ion 
in RbVFI. Here eo = (8' +Az)'n, F= E. + ,TA, G = E" - d., N ,  = (E' + Fz)'n,  N2 = (g2 t 
G')l". 

Label Energy Wavefunclion 

The effective Hamiltonian within the ground state manifold can then be written as 

%& = -c(ff - 1) + ( E / * )  [ (1')' f ( 1 - ) ' ]  - ludl.s (2.1) 

where the first term is the tetragonal distortion of the crystal field, the second is the 
smaller orthorhombic distortion and A is the spin-rbit interaction and its free-ion value 
is about 3 THz (McClure 1959, Abragam and Bleaney 1970). 

The tetragonal distortion leads to a splitting of the orbital triplet, TI, state to give 
the state with = 0 a higher energy than those with 1, = 2 1 by an energy of C. The 
doubly degenerate orbital ground state and the three spin states are then a manifold 
of six states writhin which the effective Hamiltonian can be diagonalized to give the 
eigenvalues and eigenvectors shown in table 2. 

Theinfraredexperimentssuggest that there isan energyseparation within the ground 
manifold of 17.5THz. This is substantially larger than the spin-orbit splitting or the 
frequency associated with the N6el temperature, 0.92 THz. Consequently the splitting 
must arise from the crystal fields. There are two possible causes. Firstly, it could arise 
from the tetragonal splitting, C ,  of (2.1), but its magnitude is much less, = h, than the 
tetragonal splittings of the excited states and it is difficult to understand the reason 
for this. Secondly, if C is -100 THZ, the splitting could arise from the orthorhombic 
distortion E,  of (2.1). In the case E = 8 THz, and is larger than d, so the energy levels 
in table 2 are approximately E and - E ,  giving E = 8 THZ. In the next section we shall 
explain that this alternative is the more likely. 

3. Magnetic cooperative phenomena 

3.1. Neutron scattering measurements 

The neutron scattering measurements were performed on the L3 triple-axis crystal 
spectrometer at the NRU reactor of Chalk River Laboratories. Squeezed Si mono- 
chromators were used to provide the incident monochromatic beam and to analyse the 
scattered beam, whose frequency was kept fixed at 3,3.5,4.5,6 or 7THz. The single 
crystal of RbVF, was mounted in a variable-temperaturc cryostat so that the (110) 
crystallographic axis was vertical. The temperature could be controlled with an accuracy 
of 20.1 K. 

Initially measurements were made by using the spectrometer to study the elastically 
scatteredneutronsalongthe line($, 4 , ~ )  in reciprocalspace, while thecrystalwascooled. 
The results showed a rapidly increasing intensity at (i, i, 0) below 44K, which we 
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Figured. The temperature dependence of the ( l . b , O )  antiferromagnetic Bragg reflection in 
RbVF,. The line is a leas-squares fit to a power law of the form (TN - T ) V .  

interpret as being due to the onset of long-range antiferromagnetic order. Above J4K 
there isa weak (twice the background) reflection at (6,1,0). This probably arises because 
oEthe F rotations about the c axis. In the ideal state these motions have zero structure 
factor, but the rotations about the Q and b axes give rise to small distortions which 
account for this weak scattering. The width of the Bragg reflection along the ( 1 . 1 , ~ )  
line is consistent with the development of complete three-dimensional magnetic order. 

The results show that the two-dimensional order of the magnetic moments on the V 
ions is similar to that found in other layer structures, such as K2NiF2 and CsVF, (Hidaka 
e l  all990). Thestackingof the antiferromagneticplanesis, however, different from that 
in CsVF, in zero applied field although the RbVF, arrangement is preferred in CsVF, 
when a field in excess of 0.4T is applied along the c axis. 

The temperature dependence of the (1,i.O) Bragg reflection is shown in figure 4. 
This has been fitted to the power law (TN - T)w,  with the result that close to TN, 
(TN - 7‘)/TN C 0.1, p = 0,129 2 0.01 and T, = 44.05 2 0.10K. The value of p is within 
error consistent with that expected, 0.125, for a two-dimensional Isingmodel suggesting 
that the critical fluctuations have two-dimensional character. 

Measurements were made of the critical scattering at (1,1, q )  for various q as a 
function of temperature. Unfortunately the large incoherent elastic scattering from 
the V ions produced a large temperature-independent background, which effectively 
prevented a quantitative study of the critical scattering. We were nevertheless able to 
confirm that the critical scattering showed approximately two-dimensional character. 

The magnetic excitations were studied at low energies by means of inelastic scans 
with the wavevector transfer held constant. A typical result in figure 5, shows a well 
defined neutron group at 4.2K which is no longer present above the magnetic ordering 
transition at 46K. This shows that the scattering arises from a magnetic excitation. The 
dispersion relation for these excitations is shown in figure 6 for excitations propagating 
along the (OOq) and (55‘0) directions. In the former case there is, within error, no 
dispersion showing that the inter-plane exchange interactionsarevery small; in the latter 
case there is significant dispersion corresponding to strong interactions within the planes. 

A simple model of the spin-wave dispersion relationship for a two-dimensional 
antiferromagnet for spin waves propagating along ( C f O )  gives 

A least-squares fit to the observed dispersion gives the gap term 
~ ( 5 ) ’  = (A + K)* - K’ cos’(2 nc) (3.1) 
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Figure 5. Neutron scattering from RbVF,. The 
peak at4.2Karisesfromamagneticexcitation and 
disappears on heating above the NCei tempera- 
ture. 

Figure 6. The dispersion relation for the low- 
energy magneticexcitations in RbVF,. 

A = 1.27 * 0.05 THz 

and the exchange term 

K = 1.67 2 0.05 THz 
Experiments were also performed to investigate if there were excitations of higher 

frequency. Scans with frequency transfers up to 12.5 THz did not show any appreciable 
inelastic scattering. 

3.2. Analysis of the results 

The simplest approximation via which to take account of the interactions between the 
magnetic moments is the molecular field theory. If the exchange interaction between 
nearest neighbours is of the form 

X e x  = f J  z S i . S j  
j 

then the molecular field on site i is 

HM = ZJ (Si). 

The ground state of the system is therefore state 1, and at low temperatures (Si) = rl: 1, 
so H ,  = 45. 

The transverse terms in the Hamiltonian depend on Si and S- which have no matrix 
elements between the two states 1 and 2 on which the ordering depends. If the splitting 
between these statesand the states3-6is sufficiently large that the latter can be neglected, 
the system is then identical to that of a two-dimensional king model with nearest- 
neighbour interactions for which the exchange constant and transition temperature are 
related by kT, = 2.2615. Using the measured value of TN this leads to a value of J = 
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0.4 THz. The higher-energy states, 3-6, are likely to reduce the tendency towards 
magnetic order and so this estimate ofJ may be somewhat small. 

Because the neutron scattering amplitude is proportional to the operatorL + S, it is 
unable to probe transitions between the states 1 and 2.  The excitations observed in 
figures 5 and 6 cannot therefore arise from normal spin waves between members of the 
ordering states. Neutron scattering can, however, study transitions between the states 
1 and 3 , l  and 4, and 1 and 5. 

Suppose, for the present, we consider transitions between states 1 and 3. Pseudo- 
boson theory can be used to evaluate the dispersion relation for the excitations with the 
result that they are given by (3.1) with 

K = [2(& + F)Z/(E2 + FZ)]J (3.3) 

A = E , - E .  (3.4) 

and 

Using the value of K deduced from figure 6, and J from TN we obtain from (3.3) that 

E’ + F’ = 0.48 ( E  + F)’. 

This is most closely satisfied if F = E which implies that EA<&, and hence the 17.5 THz 
splittings observed in the infrared spectrum arise from the orthorhombic crystal field 
parameter, E .  The transitions between states 1 and 4 and 1 and 5 were not then observed 
in the neutron scattering experiments because they have larger frequencies than were 
available experimenrally. 

The alternative scenario is to assume that E is small, when (3.3) predicts that K = U ,  
which is inconsistent with the experimental results. 

The strength of the crystal field and spin-rbit parameters can now be estimated if 
we assume that the sharp features in the infrared spectrum arise from spin-conserving 
transitions when 2c0 = 17.5 THz and that E, - E = 1.27 THz. The orthorhombic crys- 
tal field parameter E is then given by 7.5 i 0.5 THz and the spin-orbit parameter 
LYA = 4.5 -c 0.5 THz, while the nearest-neighbour exchange interaction J = 
0.40 t 0.04TI-k. These values then give the ratio of (E‘ + F‘) / (E t F)’ as 0.54 which 
is within the uncertainties consistent with the experimental results. 

4. Conclusions 

In the previous sections we have presented a detailed study of the magnetic properties 
of RbVF,, which is of interest because it is necessary to take account of the crystal field 
levelsof theV+++ ionindetail. Measurementswere madeoftheabsorption bandsinthe 
infraredspectrumand theseenabled thecubiccrystal field term lODq to bedeterminedas 
480 THz which can be compared with the value of 560 THz deduced for Vtit ions in 
corundum (McClure 1959). The levels produced by the cubic field are then split by a 
large tetragonal distortionwhich producessplittingsoftheselevels - 100 THzdepending 
on the particular states involved. 

The magneticordering and low-energyexcitationswerestudied by neutron scattering 
techniques. The antiferromagnetic ordering wassimilar to that of other layered materials 
of the same structure in that the in-plane exchange constant are much larger than the 
inter-plane interactions. The system is, however, different from S = 1 king system such 
as Rb2CoF4 (Ikeda and Hutchings 1978) because the magnetic excitations observed do 
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not arise from transitions within the ground state doublet but from transitions between 
the ground state and the first excited state. A careful analysis of the results enabled us 
to deduce the orthorhombic crystal field parameter as 7.5 & 0.5 THz, and the spin-orbit 
parameter CYA = 4.5 * 0.5 THz. This is in surprisingly good agreement with the free-ion 
spin-orbit interaction of 3.13 THz when multiplied by the small-crystal-field effective 
orbital factor CY = 1.5. 

Further work is needed to calculate the crystal field parametes from first principles 
and also to measure the excitations to the higher crystal field levels. 
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