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The vanadium dihalides with layered structure, VCl,, VBr,, and VI,, have been investigated
by Raman and infrared spectroscopy. A compilation of the measured optical frequencies is
given. The new lines appearing in the Raman spectrum of VI, below its Néel temperature Ty
are attributed to zone-boundary-phonon Raman scattering induced by Bragg scattering from the
spin superstructure. We discuss the symmetry properties and selection rules for the proposed
spin-dependent electron-phonon coupling mechanism due to a phonon modulation of the ex-
change interaction. The measured two-phonon absorption spectra of the three materials show a
shift to lower frequencies with respect to the calculated two-phonon density of states. Some
possible reasons for this unusually large shift are discussed. The Raman spectra of VCl, and
VBr, show additional features at low temperature, different from the sharp lines observed in

VI, below Ty. This additional scattering is also shifted to lower frequencies compared to the
calculated one-phonon density of states. We explain the appearance of the additional Raman
scattering by a spin-phonon coupling via the exchange modulation mechanism, whereas the shift
in the Raman spectra should be due to a self-energy renormalization by the coupling mechanism.

I. INTRODUCTION

In recent years, several 3d-metal dihalides with lay-
ered structure have been investigated by Raman spec-
troscopy.'™7 Besides a determination of the frequen-
cies of the Raman-active phonons, these studies were
aimed at exploring the ground state of the metal ion
by electronic Raman scattering?™ or at detecting mag-
nons.>~7 In this work on the vanadium dihalides with
layered structure VX, (X =Cl, Br, I) we have
focused our attention on the influence of magnetic
order on the phonon Raman scattering. Such a spin-
dependent phonon Raman scattering is known to oc-
cur in certain rare-earth compounds due to the spin-
orbit coupling in the excited intermediate state.®
However, the spin-orbit coupling constant of 3d tran-
sition metal ions is smaller than in rare-earth ions by
at least one order of magnitude. On the other hand,
the larger superexchange in 3d-metal compounds
compared to rare-earth compounds, due to the more
extended, partially filled d shells, could provide
another mechanism for a spin-phonon coupling
through a phonon-modulated exchange interaction.

It turns out from symmetry considerations that such
coupling can be nonzero only for complex magnetic

. structures, such as the antiferromagnetic phase of
VI,. In addition, experimental investigations of the
vanadium dihalides take advantage of the (*4,)
singlet ground state of the V2* ion which does not
cause any interference of electronic and phononic Ra-
man scattering as observed in FeCl, by Johnstone

et al.* Moreover, the V2* ground state has a
quenched orbital angular momentum and we expect
no complications due to hybridization at possible
crossings of the magnon and phonon dispersion
curves, like in FeCl,.'° ‘

Recent advances in the crystal growth of VX, have
provided suitable single crystals for infrared and Ra-
man studies. Details of sample preparation and han-
dling as well as a description of the experimental
equipment used in our work are given in Sec. II of
this paper.

For an analysis of the-additional features observed
in the low-temperature Raman data a complete
knowledge of the vibrational properties of the materi-
als under investigation is necessary. Phonon disper-
sion curves have been obtained from a lattice-
dynamical calculation based on an extended shell
model.'"'2 The parameters for the potential used in
this model are either taken from the literature or
derived from lattice constants and cohesive energies.
The three adjustable parameters (net charge, shell
charge, and shell-core displacement of the halogen
ion) are fitted to five measured optical frequencies.
Section III of this paper deals with the determination
of the optical frequencies of VX, by means of Raman
and far-infrared spectroscopy. In general, the best
choice of the parameters leads to an agreement better
than 3% between experimental and theoretical fre-
quencies. The validity of the lattice-dynamical model
is further confirmed by the excellent agreement
between the measured two-phonon infrared transmis-
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sion spectra and the calculated two-phonon density of
states with respect to their bandwidths and shapes.
However, the experimental two-phonon spectra are
anomalously shifted to lower frequencies with respect
to the theoretical combination bands. We discuss this
effect by considering the relevant diagrams for the
two-phonon infrared absorption.

In Sec. IV A we present the temperature depen-
dence of the VI, Raman spectra. We find three new
Raman lines below the antiferromagnetic ordering
temperature (7 =15 K) which we have attributed in
a previous letter'® to a modulation of the magnetic
exchange interaction by selected phonon modes.
Here, we give a comprehensive description of this
spin-phonon coupling mechanism by showing the set
of polarization vectors at the relevant points of the
Brillouin zone. In addition, we report data on the
temperature and magnetic field dependence of the
magnetic susceptibility of VI, which are the basis of
the magnetic phase diagram presently assumed.

The Raman spectra of VBr; and VCl, and their
temperature dependence are discussed in Sec. IV B.
Both substances show in addition to the Raman-
active modes an anomalous scattering with drastic
changes as a function of temperature. Since
knowledge of the magnetic properties of VBr, and
VCl, is limited, only a tentative explanation of the
observed anomalous features is given. The magnetic
susceptibilites of VBr, and VCI, do not indicate any
collective magnetic order down to S K.'*!5 However,
from the appearance of sharp absorption lines in the
visible spectra of VCl, below 50 K and of VBr, below
30 K which are interpreted as magnon-assisted
crystal-field transitions, a short-range magnetic order
is inferred. With the assumption of a local magnetic
order in VCI; and VBr, at low temperatures, the
same mechanism as in VI, should cause the addition-
al Raman scattering. The self-energy renormalization
of the phonons due to this spin-phonon coupling
mechanism then leads to a shift of the observed
scattering spectra with respect to the one-phonon
density of states.

II. EXPERIMENTAL DETAILS

Single crystals of VX, (X =Cl, Br, I) have been
grown from the vapor phase, using the pure elements
as starting materials, by G. Lamprecht and E.
Schoénherr at this institute. Details of the method of
preparation will be published elsewhere.!® Usually
the crystals grow in the form of large, thin platelets
(10 x 10 x 0.1 mm?®) perpendicular to the ¢ axis, man-
ifesting the layered character of the structure. VI,
crystals can be obtained with a thickness of up to 2—3
mm, but the order in the c direction between the I-
V-I sandwiches is strongly perturbed, as indicated by
broad x-ray reflections. All VX, samples reveal a

sensitivity to air and moisture which strongly in-
creases towards the heavier halogens. We performed
all sample manipulations in a dry argon atmosphere.
This was particularly important for getting reproduci-
ble Raman spectra of VI,. The reproducibility of the
measurements on different sample batches grown
under different conditions strongly reduces the possi-
bility of the occurrence of extrinsic features in the
spectra.

The far-ir transmission and reflection spectra were

- obtained with a Polytec FIR-30 Fourier spectrometer.

For the spectra in the visible range a Cary 14 was
used. For the far-ir transmission measurements the
samples were ground in a powder mill in order to
average over all the crystallographic directions. Pel-
lets were pressed from a mixture of powdered poly-
ethylene and the ground sample. Raman spectra
were recorded with either a Jarrell Ash or a Spex
double monochromator, using a photon counting
technique. Ar* and Kr* ion gas lasers have been
used as exciting light sources. The magnetic field
dependence of the Raman scattering has been mea-
sured using a Thor superconducting magnet with a
maximum field of 7 T. The high-field measurements
were performed at the Hochfeld-Magnetlabor of the
Max-Planck-Institut fiir Festkorperforschung in
Grenoble.

III. FIRST- AND SECOND-ORDER PHONON SPECTRA
A. Zone center phonons

The vanadium dihalides VX, (X =Cl, Br, I) crys-
tallize in a layered structure of the Cdl, type belong-
ing to the trigonal space group D3;. This structure
consists of hexagonal sheets of metal atoms
sandwiched between two hexagonal sheets of anions.
The nearest neighbors of a metal atom form a slightly
distorted octahedron. A factor group analysis yields
four optic modes at the I' point: 4, +E, +4,, +E,,
i.e., two Raman-active (even) modes and two
infrared-active (odd) modes. Figure I shows the
eigenvectors of the I'-point normal modes. The
atoms vibrate within the layers in the £ modes and
perpendicular to the layers in the 4 modes.

Figure 2 shows the room-temperature Raman spec-
tra of the investigated crystals. All spectra had to be
taken in the back scattering geometry on very thin
samples in order to avoid multiple reflections from
the different layers. Right-angle scattering on thick
samples could not be carried out since the lamellar
structure perpendicular to the ¢ axis prevented any
optical polishing. Thus, a complete determination of
all Raman tensor components was impossible. How-
ever, we can distinguish between parallel and crossed
polarizations of the electrical field vectors of incident
and scattered light, z (xx) z and z (xy)Z, respectively,
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FIG. 2. Room-temperature Raman spectra of the vanadium
dihalides.

where z refers to the crystallographic ¢ axis. The E,
mode should be unaffected by a change in polariza-
tion, whereas the 4,, mode should appear only in the
parallel scattering configuration. Such a behavior is
indeed observed. As in the other 3d-metal dihalides
with layered structure, the 4,, mode has the higher
frequency compared with the E, vibration.

For VCI, and VI, we checked several different ex-
citing laser energies in the range from 2.41 to 2.73
eV in order to optimize the scattering efficiency.
After corrections have been made for the instrument
function, the »* dependence, and the absorption, the
maximum intensity for VCl; is obtained at 2.41 eV
and for VI, at 2.65 eV (at 4 K). Both maxima fall
into local minima between two adjacent crystal-field
absorption bands.!” In VCl, the intensity variation
with incident energy scales inversely with the absorp-
tion spectrum. The 4,, mode of VI,, however, exhi-
bits a rather pronounced resonant behavior with a
change in scattering intensity, after corrections, by a
factor of 15. There is no obvious explanation for this
resonancelike behavior, since it occurs in a region of
weak 3d crystal-field transitions far below the elec-
tronic band gap.'” However, this resonance behavior
had only an influence on the scattering intensity, but
not on the Raman selection rules.

The two-dimensional character of VX, causes some
difficulties in determining the infrared-active modes.
Because of the above-mentioned difficulties in
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FIG. 3. Infrared reflectivity spectra of the vanadium
dihalides at 300 K.
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TABLE 1. Experimental and theoretical infrared and Raman frequencies (cm™!) at 300 K and

calculated ionicities.

vcl, VBr, i,
Expt. Theor. Expt. Theor. Expt. Theor.
(Ref. 12) (Ref. 12) (Ref. 12)
E, 198 198 120 122 90 90
Ag 247 242 158 150 115 115
u
TO transm. 275 287 225 232 200 200
KK 286 231 200
LO KK 325 321 258 250 218 208
A,, (TO) 320 315 261 254 220 220
transm. :
Net charge 0.79 0.79 0.75
(Ref. 12)

preparing samples with a sufficiently large surface
parallel to the c axis, only the E, reststrahlenband is
seen in reflectivity measurements as shown in Fig. 3.
Via a Kramers-Kronig (KK) analysis we obtained the
real (€;) and the imaginary (e,) part of the complex
dielectric function €(w) and the frequencies of the
transverse and longitudinal £, vibrations using the
relations

wro=max(we;)
and

wpo=max

ilme"]
w

For the determination of the A4,, oscillator we per-
formed ir transmission measurements of powdered
samples diluted with powdered polyethylene. The
grinding procedure is again rendered more difficult
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FIG. 4. Infrared transmission spectra of powdered sam-
ples of the vanadium dihalides at 300 K.

because of the layered structure of the samples. Best
results were obtained using a powder mill. Figure 4
shows the transmission spectra in the appropriate en-
ergy range, clearly revealing the absorption due to the
A,(TO) mode. However, we found no way for an
experimental determination of the 4,,(LO) frequency.
Table I gives a compilation of the measured fre-
quencies of VX, together with the values obtained
from the model calculation. The sets of parameters
used in the calculation are reported in Ref. 12. Since
the model has been especially developed to give reli-
able values for the net charge, we have included the
corresponding numbers for VX, in Table I.

B. Two-phonon infrared absorption

Figure 5 shows some single crystal far-infrared
transmission spectra. Absorption peaks due to two-
phonon processes can be observed at the high-
frequency side of the main E, oscillator. These
structures have a marked similarity for all three com-
pounds. The appearance of rather sharp two-phonon
absorption peaks is a consequence of the small
dispersion of the optical branches.

The (g =0) combinations of the calculated
branches originating from E, at I' with those originat-
ing from E,; and 4, at I’ which transform like E, or
A, irreducible representations yield two-phonon den-
sities (pyxg) in good agreement with the observed 5-
K spectra (Fig. 6), particularly in what concerns
bandwidths and shapes. However, in all three com-
pounds the experimental spectra appear to be shifted
to lower frequencies with respect to the region
(hatched area) delimited by the lowest, w(E,, TO)
+w(E;), and highest, o (E,, TO) +w(4,,), combi-
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FIG. 5. Single-crystal infrared transmission-spectra of the
vanadium dihalides as a function of temperature.

nation of the experimentally available low-
temperature frequencies. The same refers to the cal-
culated densities, which have been shifted in Fig. 6
by A, =—20 cm™! for VI, to A, =-27 cm™! for VCl,.
puxg has been computed using room-temperature fre-
quencies since no 5-K data were available. A calcula-
tion for low temperatures would make this shift even
larger, but the difference would be within the accura-
cy of the theory. On the other hand, we want to
point out that the hatched areas in Fig. 6 determined
from experimental frequencies represent the low-
frequency limit of the two-phonon bands since the
phonon branches originating from E, have their
minimum frequency at I', as can be seen from the
calculated dispersion curves in Figs. 7(a), 7(b), and
7(c). The lattice-dynamical model of Ref. 12 has
been applied to a number of transition-metal
dihalides and the calculated phonon dispersion curves
are in good agreement with existing neutron data.
Although we cannot rule out completely the possibili-
ty of some peculiar effects specific to the vanadium
dihalides, we strongly believe in the applicability of
the model to these compounds.

Two mechanisms are responsible for the two-
phonon infrared absorption in polar crystals.'®* The
first is the purely anharmonic mechanism in which
the incident photon couples with a TO lattice mode
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FIG. 6. Comparison of the measured two-phonon absorp-
tion spectra of the vanadium dihalides (upper part) with the
shifted calculated combinations of even (g) and odd (u)

‘modes. The shift of the calculated two phonon bands to

lower frequencies is denoted by A,. The shaded area indi-
cates the interval between the lowest, £, + Eg, and the
highest, £, + 4 |,, combination of measured frequencies.
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FIG. 7. (a)—(¢) Phonon dispersion curves of the vanadi-
um dihalides VX, (X =ClI, Br, ) along different symmetry
directions. Black triangles represent experimental frequencies.
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and phonon sidebands are generated due to cubic
anharmonicity. The second mechanism consists of
the direct coupling of the photon to a two-phonon
state via the second-order dipole moment. The latter
mechanism is usually negligible in fully ionic crystals
.such as alkali halides, but it can be important in crys-
tals combining reduced ionicity with a high anion po-
larizability. An estimate of the ratio of the second-
order dipole moment to the corresponding anhar-
monic coefficient using Borik’s approximate equa-
tion'® gives for the vanadium dihalides a value about
five times larger than that for alkali halides. Hence
the second-order dipole moment mechanism may
play an important role in our present case.

In an approximate calculation of the frequency re-
normalization due to the second-order dipole mo-
ment mechanism we have considered the poles of the
imaginary part of the (renormalized) two-phonon
propagator

2((0x+0)xl)(1 +f1x+n)‘l)

G2 (w)=
A (o (w)‘-{-a)}‘,)z—-(au-%-i()*’)2
Z(w)‘—w)‘,)(ﬂx—nx:) M
(w)‘—-m)‘,)t— (w+i0%)2
where @, ) and n, o) are the frequencies and occu-

pation numbers of the phonons, respectively.

The connected diagrams for second-order cubic
anharmonicity yield a positive [Fig. 8(a)] and a nega-
tive [Fig. 8(b)] self-energy renormalization of the
two-phonon energy with respect to the sum of the re-
normalized (experimental) one-phonon energies.

A N ,

e
D G I @4
(c) \ (f) - -
k
(@) a—<
q-k

FIG. 8. Diagrams representing two-phonon (a), (b) and
one-phonon (c) self-energy contributions due to an anhar-
monic coupling. The diagrams (d) and (e) could be impor-
tant in the present case. Diagram (f) shows the two-phonon
self-energy contribution arising from the electron- two-
phonon interaction. Diagram (g) represents the one-phonon
self-energy contribution arising from a one-phonon two-
magnon process.

The total shift will be negative since there are four
diagrams equivalent to Fig. 8(b). Such an effect was
already found for resonant modes of strongly anhar-
monic impurities.?’. When first-order quartic anhar-
monicity is added [Fig. 8(c)] there is a partial com-
pensation of such a negative shift.

Our calculation shows that the resulting shift is still
negative but of the order of a few cm™'. Therefore
we do not believe that the considered processes alone
can account for the observed effect of more than —20
cm~!. On the other hand, there are some aspects
peculiar to layered crystals which could enhance the
anharmonic effects. The lack of inversion symmetry
at the halogen site yields nonvanishing contributions
to the one-phonon and two-phonon self-energy from
diagrams (d) and (e) of Fig. 8, where the integral
along the intermediate gerade g phonon line is non-
vanishing due to the existence of gerade phonons at
g =0. These contributions could also be important
for the anomalously large anharmonic shift observed
in the present crystals.

Another possible self-energy correction of the
two-phonon energy should not be disregarded, name-
ly, that arising from the second-order electron-
phonon interaction. Diagram (f) in Fig. 8 shows an
example of this kind of process, which is identical to
Borik’s!® second-order dipole moment mechanism.

IV. TEMPERATURE DEPENDENCE OF
THE RAMAN SPECTRA

A. VI

The temperature dependence of the Raman spec-
trum of VI, in Fig. 9 shows an abrupt appearance of
three new lines at the frequencies of 66, 195, and
220 cm™! upon cooling below the Néel temperature
Ty =15 K. As an example, the temperature depen-
dence of the integrated intensity is shown for the 66-
cm™! line in the inset of Fig. 9. The three new lines
appear with about the same intensity in the z (xx)Z
and z (xy) Z scattering configurations. In Ref. 13 we
have attributed the three new Raman lines to a fold-
ing of the phonon branches according to the magnetic
superstructure.”?! The microscopic spin-dependent
electron-phonon interaction has been revealed to be a
modulation of the magnetic exchange interaction by
selected phonon modes. The interaction Hamiltonian
is given by

1 iTT,
Hp= 30+ !
ep 2N%qu(1);e

x 3 [zwmax)

Ji
=y T,

a'}§§
S,
aIK (2)

where O, (1) and W(«|qA) are the normal coordi-
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FIG. 9. Raman spectra of VI, at different temperatures
above and below the Néel temperature. The inset shows the
temperature dependence of the integrated intensity of the
line at 66 cm™".

nate operator and the polarization vector, respective-
ly, for wave vector @ and branch index X,

T« =T;+ T, is the position of the xth atom in the /th
crystallographic cell (/=1,2, ..., N), and J; is the
exchange constant between spins / and j.

A rough estimate of the coupling strength has
shown!? that the proposed coupling mechanism is of
the same order of magnitude as the orbital electron-
phonon interaction. In the following we want to out-
line the inter-relation between the phonon normal
coordinates and the spin structure by explicitly sum-
ming over the different shells of neighboring spins.

For this purpose we assume for the moment that the
exchange constant J; between spins i and j in Eq. (2)
depends only on the vanadium-vanadium distance.
This assumption does not affect the generality of the
symmetry arguments on which our analysis is based.
Thus the summation E,M in Eq. (2) can be replaced
by the following expression

aJ” (n) .
5 ][2?,,,5,5,] ) 3)

W) 3

which has to be summed over all V ions. In Eq. (3) /
runs over the nth shell of spins at a distance

T, = |_l:.i - ﬂl = |—f‘i,1‘

around the vanadium site (x=+) in cell /. In order
to show that a net nonzero phonon modulation of the
exchange interaction results, it is sufficient to vary
the index /in Eq. (3) over the eight V- ions in the
magnetic unit cell.

In Fig. 10 we show the projection of the spin su-
perstructure onto the xy plane. The periodicites of
the magnetic unit cell are®?": |7,,| =2|7|,
|5,,] =v3|7]. Due to the spin-dependent electron-
phonon interaction in the Raman scattering process
this magnetic superstructure acts on the phonon sys-
tem as a folding of phonon branches back into the
zone center. The points in the crystallographic Bril-
louin zone of Fig. 10, subject to the folding, are
M= (0,27/v/34,0), K'=(#7/a,0,0) and K"
(equivalent to K'). There is an additional periodicity
of 2c in z direction,”?! giving rise to a folding of
A=(0,0,7/c), L, H, and H"” (see Fig. 3 of Ref.
13). The sum 3, in Eq. (3) has the periodicity of

(a) (b)

UNIT CELLS BRILLOUIN ZONES
y
magnetic
b ¥
b
FE4

FIG. 10. (a), (b) Projected crystallographic (magnetic)
unit cell and Brillouin zone of VI, in the paramagnetic (anti-
ferromagnetic) phase. The thick arrows in Fig. 8(a) show
the projection of the spin orientation onto the xv plane. The
following relations hold: |7, |=2a, ]Em | =34,
|3 = (4m//3a), [6*| = (4n/\3a), |75 | = 7/a,

5%, | = (2m/v3a), IK'| = M| cos30°, where a is the hexag-
onal lattice constant.
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the magnetic lattice and can be expanded into a finite
Fourier series. The latter contains in general T' and
the above seven reciprocal vectors of the magnetic
Brillouin zone. The nonzero Fourier coefficients are
found by performing the sum over the actual spin
structure. It is sufficient to vary / over the eight
spins of the magnetic unit cell and to restrict, for
simplicity, the sum over / to the six nearest-neighbor
spins.

This has been illustrated in Fig. 11 for two specific
spins at positions / =a and / =, where the summa-
tions yield

u 287, =-25%4,0,0), forl=a orb

)
?',lgisl=
i —28?T,,=25%(a,0,0), forl=cord

4)

We see that the above vector has only a nonvanish-
ing component along x, which transforms for /, run-
ning over the magnetic cell, like the pattern shown in
Fig. 11(c).

By inspection of the eigenvectors we can select
those modes out of the nine M-point modes which
cause a modulation of the exchange interaction.
Since the expression in square brackets of Eq. (3) is
directed in x direction, all modes which have no com-
ponent in x direction can be eliminated. As can be
seen from Table II, all 4, and B, modes are discard-
ed in this way. The displacement patterns of the
remaining two 4, modes and of the B; mode are
shown in Fig. 12(a)—12(c). The A4, optic mode is
mainly a vibration of the metal atoms. We see that
for the half-period displayed in Fig. 12(a) the dis-
tances of adjacent atoms with antiparallel (parallel)
spins increase (decrease), except for those pairs
which are aligned along the x axis. The latter are dis-
placed by the same amount in the same direction and
give no contribution to the modulation. In the above
half-period the overall antiferromagnetic exchange is

(c)

a

FIG. 11. (a) Spin arrangement of the antiferromagnetic
phase of VI, projected onto the xy plane; the ions a, b, ¢, d
belong to one unit cell. (b) Nearest neighbors (n =1) of
spins @ and ¢ used for the evaluation of Eq. (3). (c¢) Sign of
the sum in square brackets of Eq. (3) for the eight vanadi-
um sites of the magnetic unit cell.

decreased while the ferromagnetic exchange is in-
creased compared to the equilibrium position. The
effect is reversed in the next half-period of the vibra-
tion, leading to a modulation of the exchange interac-
tion with the phonon frequency. Figure 12(b) shows
that the motion of the iodine atoms in the 4, acous-

TABLE II. Eigenvectors of the nine M-point modes within the crystallographic Brillouin zone.

Symmetry  Frequency Iodine (I) Vanadium (V) Todine (I)
(em™!) x y z x y z x y z

B, 255 —0.04 -0.21 0.94 -0.17 —-0.04 -0.21
Ay 223 0.25 0.94 0.25

B, 215 —-0.30 0.04 0.15 0.89 . -0.30 0.04
Ag 110 -0.67 0.21 0.67 0.21
Ag 96 -0.21 0.67 0.21 0.67
By 88 ° -0.71 0.71

B, 78 0.15 0.66 0.31 0.15 0.66
A, 63 0.66 -0.35 0.66

B, 57 0.62 —0.16 0.06 0.42 0.62 -0.16

=
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A, optic

A, acoustic Bg

FIG. 12. (a)—(c¢) Displacement patterns (thin arrows) of the three M-point modes with a nonvanishing x component. Small
black circles with thick arrows mark the vanadium ions with their spin direction. The large circles stand for the iodine ions,
where the shaded (open) circles are in the plane below (above) the metal sites. The inversion center of the magnetic unit cell is

indicated by a star (*).

tic mode enhances the effects produced by the metal
ions, since the relative motion of the two iodine
atoms responsible for the superexchange between two
definite nearest-neighbor spins is in phase with the
relative motion of these spins. As concerns the B,
mode [see Fig. 12(c)] no modulation arises either
from direct nearest-neighbor exchange, since the
metal atoms stay at rest, or from the superexchange
via iodine atoms whose contributions cancel each
other.

Now we shall discuss the Raman activity and the
selection rules for the two 4, modes at M responsible
for exchange modulation, as sketched in Ref. 13.

The magnetic ordering reduces the original D34 point
group symmetry of the crystallographic unit cell to a
rhombohedral prism formed by the eight metal sites
represented schematically in Fig. 11(c). Disregarding
the spin orientations which were only necessary to es-
tablish the periodicity of the magnetic unit cell and to
determine the phonons active in the exchange modu-
lation mechanism, a ¢, axis along (1, —3,0) and an
inversion center at (%,%,%) are retained, forming a
C,;, subgroup of the original D3, symmetry group.
The projection of the inversion center onto the xy
plane is indicated by a (*) in Fig. 12. The 4, modes
now have even symmetry with respect to this inver-
sion center and are, therefore, Raman active. The
even modes 4, and B, of the C,, point group are
polarized along its ¢, axis and perpendicular to it,
respectively. Since the polarization of the original 4,
modes is along x (the ¢, axis of the C,, group of the
M point), forming a 60° angle with the ‘‘magnetic”’
¢, axis, each 4, mode of the crystallographic unit cell
will be transformed into a mixture of 4, and By
modes of the magnetic unit cell. This fact is reflected
by the insensitivity of the observed spectra on the
scattering geometry. The calculated frequencies of
the two A4, modes at the M point (65 and 223 cm™)
are in very good agreement with the positions of two

of the three new Raman lines. The origin of the

third line at 195 cm™! is still somewhat puzzling. It
could be due to a combination A, (T') +4, (M),
which is allowed after the folding of M into I'. On

the other hand, there is still the possibility that, on

the basis of the reported periodicities of the magnetic
unit cell®>?! but with slightly different spin orientations,
a nonzero modulation is caused by the E,, mode

at the A point, whose frequency (199 cm™) is very
close to the Raman line in question.

We note that the folding of B, modes of the crys-
tallographic unit cell leads to a combination of
infrared-active 4, and B, modes. However, no addi-
tional line is expected in the infrared absorption
below Ty, because the B, mode is unable to modu-
late the exchange energy [Fig. 12(c)].

The low-temperature Raman spectra of VI, (14-2
K) did not show any change in external magnetic
fields up to 12 T perpendicular and parallel to the ¢
axis. This is consistent with our investigations of the
magnetic phase diagram. The magnetic susceptibility
of VI, as a function of temperature (at 7 T) is shown
in Fig. 13. The Néel temperature of Ty =15 K is in-
dicated by the point of inflection on the low-temper-
ature side of the maximum. The transition tempera-
ture agrees with that obtained from low-field mea-
surements.!>2? Only for T < Ty, do we observe an
anisotropy in the susceptibility for external magnetic
fields parallel and perpendicular to the ¢ axis (Fig.
13). This behavior differs from measurements by
Kunidersma et al.,® performed at 0.86 T, showing an
increasing anisotropy between X (llc) and x(1c) for
T < 60 K, with a divergence in X(llc) towards low
temperatures. The latter has been attributed to V3*
impurities, which seem to be absent in our samples.
The much higher magnetic field in our experiments
may be the reason for the missing anisotropy for
T > Ty (Fig. 13).

The measurements of the magnetization perpendic-
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FIG. 13. Magnetic susceptibility at 7 T as a function of
the temperature for two different sample orientations.

ular to ¢ for different temperatures in Fig. 14 show a
purely linear dependence on magnetic fields up to 15
T. This behavior clearly indicates the absence of any
additional magnetic phase transitions. We conclude
that in fields up to 15 T the antiferromagnetic phase
is stable and that the spins are not flipped parallel to
the external field direction. The decreasing slope of
M (H) with decreasing temperature in Fig. 14 is due
to the increasing antiferromagnetic ordering, which
opposes a canting of the spins towards the external
field direction. Within the accuracy of the tempera-
ture measurement of +1 K the 16- and 14-K data fall
into the vicinity of the magnetic phase transition,
thus yielding a similar slope. On the other hand, the
12-K data account for the stable antiferromagnetic
structure at 7 < Ty.

Kuindersma et al.® report on an additional magnetic
phase at 14.4 K which is regarded as a paramagnetic
phase with a high degree of order. The transition
from this phase to the antiferromagnetic phase is re-
ported to be about 14 K, which agrees with our value
of 15 K within the accuracy of our absolute tempera-
ture measurements. In our experiments there is no
indication for the occurrence of the intermediate
phase. Nevertheless, we have analyzed the 120° spin
structure of this phase for the possibility of a phonon
modulated exchange interaction.

The 120° structure contains six spins per magnetic
cell (three spins in each layer). When the crystallo-
graphic Brillouin zone is folded into the magnetic
zone, the points 4, K, and H are folded into T.
However, no phonon mode at either the 4, K, H, or
I' point yields a nonzero modulation of the exchange
interaction. Therefore, no zone-boundary phonon
would be activated by the 120° structure. We could
only have a weak continuum spectrum induced by
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FIG. 14. Magnetization of VI, as a function of the applied
magnetic field at different temperatures in the vicinity of the
Néel temperature Ty =15 K.

the long-range spin disorder. This effect is not
detected in VI,, probably due to the lower signal-to-
noise ratio, but seems to be observed in VCI, and
VBr,, as discussed in the next section.

B. VBl'z, VC12

The prominent features of the room-temperature
Raman spectra of VBr, and VCl, are the two group-
theoretically allowed modes (Fig. 2). However, the
spectrum of VCI, at 300 K in Fig. 15 shows, in addi-
tion, a structureless background extending up to
about 350 cm™!. This scattering continuum is much
larger than the usual background caused by Rayleigh
scattering from surface roughness and sample imper-
fections, but still small compared with the two al-
lowed modes.
~ The low-temperature Raman spectrum of VBr, (see
Fig. 16) also shows additional structure whose inten-
sity is comparable to that of the group-theoretically
allowed modes, contrary to the case of VCl,. A simi-
lar continuous background scattering as observed at
room temperature in VCI, is found neither in VBr,
nor in VI,. It should be pointed out, however, that
the scattering efficiency of VCl, is superior to that of
VBr, and VI, for the laser lines used.

The physical nature of the anomalous features in
the Raman spectra of VCI, and VBr, is not yet fully
understood. The temperature dependence of the
magnetic susceptibility of VCl, and VBr, shows no
clear evidence of a magnetic ordering, but a signifi-
cant deviation from the linear Curie-Weiss law for
temperatures below 100 and 30 K, respectively.'’ In-
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FIG. 15. Raman spectra of VCI, at three different tem-
peratures.

terestingly enough, above 50 K in VCl, and 30 K in
VBr, some sharp lines (with a width of a few cm™!)
disappear in the visible absorption spectra. Such a
behavior is typical for magnon-assisted electric-dipole
crystal-field transitions, encountered in many
transition-metal compounds in the magnetically or-
derd phase. As an example for the described
behavior, Fig. 17 depicts the temperature dependence
of the sharp line at 15980 cm™' associated with the
spin-forbidden *4,— 2T, transition of VCl,.!"?
Thus, the susceptibility and the crystal-field-
transition data suggest a change in the magnetic prop-
erties of VCI, and VBr, around 50 and 30 K, respec-
tively. Since the anomalous Raman scattering of
VCl, changes around the same temperature from a
structureless continuous background to some well-
defined bands, it should be of magnetic origin, too.
There is some similarity to the two-magnon Raman
scattering in NiF,, which persists well above the Néel
temperature.?* However, this interpretation leads to
some difficulties in explaining the appearance of the
structure below 50 K, since a drastic change in the

VBr, A =-10cm”!

LK
A=6471 A

L i

T "
T

ey

0 50 W B0 200
WAVE NUMBER (cm-1)

RAMAN

g

INTENSITY CALC.PHONON DENSITY
I
|

g

VCl;  A=--16em?

—

LK
No=5145 A

L
T

RAMAN INTENSITY  CALC.PHONON DENSITY

I T T T R T
0 50 100 150 200 250 300

WAVE NUMBER (cm™)

FIG. 16. Comparison of the additional, anomalous low-
temperature Raman scattering with a shifted one-phonon
density of states for VBr, and VCl,.

two-magnon scattering should be related to a magnet-
ic phase transition, which does not occur in VCl,. On
the other hand, the anomalous scattering of VBr, de-
creases gradually with increasing temperature and
does not seem to be related to the temperature
dependence of the sharp absorption lines in the visi-
ble absorption spectrum.

Taking into account all the experimental observa-
tions we would like to propose the following physical
picture for the anomalous Raman scattering of VBr,
and VCl,. A local magnetic order persisting even in a
thermally disordered spin phase leads to the existence
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FIG. 17. Disappearance of a sharp line in the visible ab-
sorption spectrum of VCI, with increasing temperature.

of low-energy paramagnons and localized high-energy
antiferromagnons. The sharp (magnon-assisted)
lines appearing in the crystal-field spectra below a re-
latively well-defined temperature at which no
anomalous features are observed in the magnetic sus-
ceptibility, are indicative of a local order formation.
The long-range disorder now yields a Raman activity
for all phonons of any wave vector @ via the ex-
change modulation mechanism and via the elastic
(Bragg) scattering in the spin system at wave vector
—q. As a consequence, a continuum spectrum simi-
lar to the total density of states, but weighted by a g¢-
dependent coupling strength, should be superimposed
onto the sharp one-phonon lines associated with ordi-
nary electron-phonon interaction. This is what we ac-
tually observed in the low-temperature Raman spec-
tra of VBr; and VCI,. However, as can be seen from
Fig. 16, the low-temperature Raman spectra and the
calculated one-phonon density of states coincide rea-
sonably well by allowing for a shift of the latter to-
wards lower frequencies. From this shift, however,
the (¢ =0) E, and 4, phonon modes are exempted.
Good agreement is found if we shift the calculated
spectra by A=16 cm™' for VCI, and by A=10 cm™"

for VBr, to lower frequencies. There is, of course, a
certain ambiguity in the actual amount of the shift.
To allow for a better comparison, in Fig. 16 the 4,
and E; phonons are indicated by broken lines. The
A g line in VCl, is displaced by more than 16 cm™!
with respect to the calculated spectrum. This is due
to the fact that the calculated 4, frequency is 5 cm™
too small compared with the experimental value
which has to be added to the temperature shift of 4
cm~!. Thus, considering also this 4-cm™! shift of the
Az phonon towards higher frequencies upon cooling
from 300 to 4 K, the total shift amounts to 16 + 5*+ 4
=25cm™".

Since in antiferromagnetic transition metal com-
pounds the two-magnon scattering is known to dom-
inate the one-magnon process,?* %’ we consider a
phonon self-energy renormalization due to an in-
teraction with two-magnon processes. This one-
phonon two-magnon interaction is given by

1

. + +
Hint = zfq,k,q—k(bqf + bq ) (a“, + (o377 ) (alq_k + Xlg—k ) »
gk

Q)

where a;k, aIk, ks Ak, b,;, and b, are magnon (o)
and phonon (b) creation and annihilation operators
and jg x4« the corresponding coupling constants.
The magnon operators ay, + ay, can be written as a
linear combination of the spin operators S,,,2%2 and
therefore H;, takes the form

Hin=(Q2SN)™"' 3, 252 3, (bg +b,)

mm'.aﬂ q

x %‘,j,,,k,q_kcmmlaﬁ(k,q -k)

(6)

where the coefficients Cmm,ap(k,q — k) depend on

the particular spin structure.
By identifying the sum over k with the derivative
of the (nonisotropic) exchange constant Jmm, op with

respect to the phonon normal coordinated 4,, we ob-
tain

nyJ. ,
8ﬁ'S2 mm’, aB .
_— _ = _ , q — , (7
o o, = ket Copragkd =K . (7)

where u is a reduced mass for the phonon under
consideration.

The lowest-order contribution to the one-phonon
self-energy, represented by a two-vertex diagram
[Fig. 8(g)1, is given by

3 () = %?— 3 ligka—k P@‘.ﬁ’-k(w) , (8)
x

=(2) . .
where Gy, is the two-magnon Green’s function,
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identical to the two-phonon Green’s function given
by Eq. (1) with the magnon frequencies @, replacing -
the phonon frequencies w,. The spectral shift

A(w,) =Re 3, (w,) of the observed phonon frequen-
cies obviously depends on the position of w, with
respect to the poles of the magnetic excitation spec-
trum. The low-energy paramagnons contribute a pos-
itive A(w,). Because of the factor

(wk +wq_k) X (nk+nq_k+1) ,

this would be relatively small but strongly tempera-
ture dependent. The actual observation of a negative
and weakly temperature dependent A(w,) is indica-
tive of the occurrence of two optical magnon states
with total energy # (@, + @, ) in the region around
the maximum phonon frequency, in agreement with
the local order hypothesis. We note that in the ab-
sence of long-range order BJmm,aﬁ/aAq is practically

zero for small g values, because of disorder-induced
cancellations. Finite contributions occur for g larger
than 7 divided by the coherence length of the local
magnetic order. In this case, taking

,jq,m_k/Zh'wc ~ 10 Crfl_1 ’

Ek ~6‘,_k ~ 150 Cl’l’l_l ,
w0l << (@ +@y—4)? |

and
N =~ Ng—p 0

we estimate A(w,) ~—6 cm™!. This has the appropri-

ate order of magnitude and could therefore explain
why the continuum spectrum (mainly due to short
wavelength phonons and assisted by a Bragg scatter-
ing in the spin system) is shifted to lower frequencies
with respect to (g =0) E; and 4, modes which are
activated by the purely orbital electron-phonon
mechanism. The tendency to a smaller shift for the
heavier halogen atoms (Fig. 16) indicates that the re-
normalization of the zone-boundary phonons in VI,
should be of the order of only a few wave numbers.
This shift, however, is within the accuracy of the cal-
culated phonon frequencies and thus has been
neglected in the discussion in Sec. IV A.

Another low-temperature feature is found in VBr,
in connection with the 4, phonon. While the origi-
nal 4, line (~160 cm™") decreases in intensity
upon cooling, another sharp line with a small side-
band emerges at a slightly higher frequency (see Fig.
16). This might be interpreted in the following way:
The increasing local order produces an increasing

number of metal atoms seeing an identical spin ar-
rangement in their neighborhood. Via the spin-
phonon interaction this can lead to a small renormali-
zation of the phonon frequency compared to those
atoms having a completely random spin environment.

V. SUMMARY

The low-temperature Raman spectra of VCl,, VBr,,
and VI, show features in addition to the two group-
theoretically allowed modes. In all three cases we
have attributed the additional scattering to a spin-
dependent electron-phonon coupling which is given
by a modulation of the exchange interaction. The
difference in the Raman spectra of VI, compared
with VBr; and VCI, are due to their different magnet-
ic properties. VI, undergoes an antiferromagnetic
phase transition at 15 K causing a folding of the pho-
non branches because of the smaller magnetic Bril-
louin zone. Only some selected new I' modes, giving
a nonzero modulation of the exchange interaction,
can be observed by Raman scattering. VBr, and VCI,
exhibit no long-range magnetic order down to 4.2 K.
In this case, the spin-phonon coupling is effective
within a local magnetic order, whereas the long-range
disorder lifts the momentum conservation. There-
fore, the additional anomalous Raman scattering
resembles a one-phonon density of states. The shift
of the observed spectra to lower frequencies with
respect to the calculated, unrenormalized one-phonon
density of states can be explained by a self-energy re-
normalization due to the spin-phonon coupling
mechanism.

Due to the small dispersion of the phonon
branches, we observe sharp two-phonon spectra in
VCl,, VBr,, and VI,. Therefore, these spectra can
readily be assigned by the corresponding combination
bands. We find an appreciable shift of the measured
spectra with respect to the calculated two-phonon
combinations. Some qualitative arguments for this
shift are given.
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