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Direct Two-Magnon Optical Absorption in a’-NaV,0s5: “Charged” Magnons

A. Damascelli, D. van der Marel, M. Griininger, C. Presura, and T. T. M. Palstra
Material Science Center, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands

J. Jegoudez and A. Revcolevschi

Laboratoire de Chimie des Solides, Université de Paris-sud, Batiment 414, F-91405 Orsay, France
(Received 10 March 1998

We investigate the temperature-dependent optical conductivity’dfaV,Os in the energy range
4 meV-4 eV. The intensities and the polarization dependence of the detected electronic excitations
give a direct indication for a broken-parity electronic ground state and for a noncentrosymmetric crystal
structure of the system in the high-temperature phase. A direct two-magnon optical absorption process,
proposed here, is in quantitative agreement with the optical data. By analyzing the optically allowed
phonons at various temperatures above and below the phase transition, we conclude that a second-order
change to a larger unit cell takes place below 34 K. [S0031-9007(98)06695-2]

PACS numbers: 78.30.—j, 71.36.+c, 72.10.Di

CuGeQ anda’-NaV,0s are both insulating compounds would be responsible for the 1D character of the high-
exhibiting a temperature dependence of the magnetitemperature susceptibility [6] and for the SP transition,
susceptibility which has been discussed in terms of thgossibly involving dimerization within the 4 chains
one-dimensional (1D)S = 1/2-Heisenberg-spin chain. [2]. The insulating character o&’-NaV,0Os would be
Moreover, a phase transition has been observed, at 14 & obvious consequence of having a 1[2-filled Mott-
for CuGeQ [1] and at 34 K fora’-NaV,0s [2], which  Hubbard system. Recently, this structural analysis has
is characterized by the opening of a spin gap and byeen questioned and the centrosymmetric space group
superlattice reflections [3,4]. Together these observationBmmn was proposed [7,8]. In this context, it is still
have been interpreted as indications of a spin-Peierls (SPpssible to recover an insulating ground state assuming
phase transition. For both compounds, and in particulathat thed electron, supplied by the two V ions forming a
for CuGeQ, the 2D character cannot be neglected andung of the ladder, is not attached to a particular V site but
is the subject of intensive investigations. In this Letteris shared in a V-O-V molecular bonding orbital along the
we demonstrate that, in contrast with the situation inrung [8]. However, the debate on the appropriate space
conventional SP systems, the low-energy spin excitationgroup and electronic ground state fef-NaV,Os is still
of a’-NaV,0Os carry a finite electric dipole moment. open. While single-crystal XRD refinements indicate an
We probe this dipole moment directly in our optical inversion center, small deviations in atomic positions up to
experiments, and use it to measure the spin correlations 803 A could not be excluded [7].

a function of temperature. In this Letter we present an investigation of the

The basic building blocks of the crystal structure oftemperature-dependent optical conductivity of pure high-
a’-NaV,Os are linear chains of alternating V and O ions, quality single crystals ofa’-NaV,0s. Based on our
oriented along thé axis [5]. These chains are grouped
into sets of two, forming a ladder, with the rungs oriented
along thea axis (see Fig. 1). The rungs are formed by
two V ions, one on each leg of the ladder, bridged by
an O ion. The V-O distances along the rungs are shorter
than along the legs, implying a stronger bonding along the
rung. Inthea-b plane the ladders are shifted half a period
along theb axis relative to their neighbors.

The average charge of the V ions ¢#.5 implies an
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occupation of the \Bd band of half an electron which, in t

principle, implies metallic behavior. Lattice deformations b ;ét—cf

can, however, lift the degeneracy between the two V sites. + ;{—(‘)
The early x-ray diffraction (XRD) analysis of Carpy and | .

Galy [5] indicated the noncentrosymmetric space group )
P2mn. In this structure it is possible to identify well- FIG. 1. Sketch of the ladder structure in theb plane of

S . ~ : a’-NaV,Os. The circles represent the V sites having on-site
distinct magnetic V* (S = 1/2) and nonmagnetic ¥ energies*A/2 on adjacent legs, alternatively. The arrows

(§ = 0) chains running along thie axis of the crystal and represent the electrons which are mainly distributed over legs
alternating each other along theaxis. This configuration characterized by lower potential energy for the V sites.
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analysis of the charge-transfer (CT) absorption edge a 100 —
1 eV we provide strong support for a broken-parity ground Ella 16F [\ 40k 0
state of the quarter-filled ladder. This lack of inversion I AR
symmetry provides a mechanism for two-magnon optical 75 L
absorption, and is shown to be in agreement with the
observed oscillator strength and polarization dependenc X
of the experimental data. Further experimental suppor 50|
for these “charged magnons” is provided by the strong
line-shape anomalies of the optical phonons.

High-quality single crystals of’-NaV,Os were grown 25 L
by high-temperature solution growth from a vanadate mix- [P,
ture flux. The crystals with dimensions efl X 3 X e 1
0.3 mm® were aligned by Laue diffraction and mounted in
a liquid He flow cryostat to study the temperature depen-
dence of the normal incidence reflectivity betweéénand
30000 cm™ ! in the temperature range 4—300 K. The opti- 75
cal conductivity was calculated from the reflectivity using
Kramers-Kronig relations.

The a- and b-axis reflectivity spectra af = 4 K and
T = 40 K are displayed in Fig. 2 up t6000 cm™!, which o
covers the full phonon spectrum. In Fig. 3 we present
the optical conductivity. Thé-axis optical conductivity
(along the chains) has no electronic absorption in the fa
infrared, which is characteristic of an insulating material.
Along thea direction (along the rungs) we observe a broad
band of weak optical absorption in the far and midinfrared
range. For both directions we observe a strong absorptio
at 8000 cm™! (1 eV), in agreement with Ref. [9]. We
observe sixz-axis phonon modes at 90 (weak), 137, 256,FIG. 2. Reflectivity spectra of’-NaV,0s for E || a (a) and
518, 740 (weak), anéi38 cm~! (weak), and foum-axis  E||b (b) below (4 K) and above (40 K) the phase transition.
modes at 177, 225 (weak), 371, &b cm™!. The factor Insets: Detailed temperature dependence of some of the new
group analysis gives seven (1B)axis and four (seven) Phonon lines detected fdr < Tsp.
b-axis infrared active phonons for themmn (P2,mn)
space group. As some of the modes may have escapéd+ (A/2¢,)>. The splitting between these two eigen-
detection (due to a small oscillator strength, masking by thetatesEct = /A2 + 4%, corresponds to the photen-
electronic infrared continuum, or because the frequency isrgy of the optical absorption (1 eV).
too low for our setup), neither of the two space groups can A second crucial piece of information is provided by
be ruled out on the basis of the number of experimentallyhe intensity of the absorption. We use the following
observed phonons. expression, which is exact for one electron on two coupled

Let us now analyze the absorption band at 1 eV. Artight-binding orbitals [10]:
obvious candidate for such a strong optical transition is
the on-rung CT involving the two V sites. We model the / o1(w)dw = me*Nd1t1 i *Eqq, (2
jth rung with the Hamiltonian: peak
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where N is the volume density of the rungs amd =

Hi=1t, Z{L}LUR/U + R,Tngg} + Anc 3.44 A is the distance between the two V ions on the
o same rung (see Fig. 1). This way we calculated from
+ Ufnjrinjry + njnjot}s (1)  the spectrds, | =~ 0.3 eV. Combining this number with

Ect = 1 eV we obtainA = 0.8 eV. The corresponding
where L;-r,, (RJTU) creates an electron with spin on the  two eigenstates have 90% and 10% character on either side
left-hand (right-hand) V site of thgth rung, U is the of the rung. Therefore the valence of the two V ions is
on-site Hubbard repulsion, is the on-rung hopping pa- 4.1 and 4.9, respectively. The optical transition at 1 eV is
rameter,nc = > ;(n;r — n;.)/2 is the charge displace- essentially a CT excitation from the occupied¥ state at
ment operator, and is the potential energy difference one side of the rung to the emply state at the opposite
between the two sites. For the symmetric ladder 0.  side of the same rung. )

For a single electron per rung, the two solutions are Let us now turn to the infrared continuum f&r]| a [an
lob-sided bonding and antibonding combinatidds =  enlarged view is given in inset (a) of Fig. 3]. As the range
ulL) + v|R), and|R) = ulR) — v|L)wherel/(2uv)?> =  of frequencies coincides with the low-energy-scale spin
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T E, is the component of the electric field along the rung.
7 By expanding/ we obtain the spin-photon coupling:

)]

420 . Hs = qud  E.hs = qud | E, Z L_S:j ' §j+1 ’ )

J

S (Ella) A _ ,
- ~0 N P 1 whereq, = q. L~ is the effective charge involved
100 0 150 300 . A4 o .

T (K) in a double spin-flip transition. For a symmetrical lad-

400+ T=300 K der, whereA = 0, the effective charge vanishes, and the

: charged magnon effect disappears. In that case higher-
200+ CEla order processes like the phonon-assisted spin excitations,

I D E|b J considered by Lorenzana and Sawatzky [13], can still con-

0 — \// a tribute. These are probaeblyeresponsible for the weak mid-
10 100 1000 10000 infrared continuum in thé || b spectra.
Wave number (Cmfl) Taking the values of, andA calculated from the op-

. o . tical data andz| = 0.2 eV [14] we obtain/; = 30 meV
FIG. 3. Optical conductivity ofr’-NaV,Os at 300 K forE || a (comparable to the reported values ranging from 38 [12]

and E||b. Inset (a): Enlarged view obr(w) from 40 to : :
3000 cm™!. Inset (b): Oscillator strength of the electronic to 48 meV [2]), andy,,/¢.0.07. Using the functions

continuum forE || & plotted versus temperature. gs(T) = 4(<h§> — (hs))7,

(6)
excitations, the most likely candidates for this continuum gc(T) = 4(ng) — (ne)r.

are excitations involving two spin flips. Another reason\ye can express the intensity of the spin fluctuations relative

for this assignment is the opening, for< Tsp [11], of o the CT excitations in terms of the effective charge:

a gap in the optical conductivity of7 = 3 meV (i.e., )
approximately twice the spin gap value [4,12]). The [so1(@)do _ q3,85Es @)

presence otwo V states (L) and |R)) per spin, along Jero(@)dow  q2gcEct

with the broken left-right parity of the ground state, gives,, . _ )

rise to a fascinating behavior of the spin flips: Consider Ata';riitsgrsto pLO\(l)e4 th%gc.s_ﬂ(é”;)éralzgret::r pre;ephte

small fragment of the ladder with only two rungs, with oneP 8 = V4. B | verag gy

spin per rung. Each rung is described by the Hamiltonia nfrared spln-fluptuatlon spectrum .and Is of the order of

defined above. In the ground state of this cluster each spld'lt ?IV -fmtﬁ sprlr?-ﬁotrl')elztlo\r:vfl:/nct;oigt?enper]lcdtshon thi?\

resides in aL) orbital, with some admixture dR). Let us etalls ol the many-body wave function of the spins.
For an antiferromagnetic chaips = 1, whereas for a

Egivr\]/éndUde the coupling of the two rungs along the Iegs'random orientation of the spins it is zero. In between

it depends on the probability of having fragments of three
1| Z{RLRz,o + LL,LZ,U + H.c}. (3) neighboring spins ordered antiferromagnetically. Hence
o the maximum relative intensity in Eq. (7) i50.0014.
If the two spins are parallel, the inclusion of this term hasThe experimental value is-0.0008 at T = 300 K, in
no effect, due to the Pauli principle. If they fornfa= 0  good agreement with the numerical estimate. Note that a
state, the ground state can gain some kinetic energy alorfinite value ofgg requires either terms in the Hamiltonian
the legs by mixing in states where two electrons residevhich do not commute witths or an antiferromagnetic
on the same rung. Working in the limit thaf — o,  broken symmetry of the ground state.
these states have one electron in the¢ and one in the Remarkable also is the temperature dependence of
|R) state on the same rung. As a result, there is a nehe spin-fluctuation continuum observed Bl a. The
dipole displacement of the singlet state compared to thescillator strength, obtained by integrating (w) (with
triplet state: The spin-flip excitations carry a finite electric phonons subtracted) up t800 cm™!, is displayed in
dipole momentUsing a perturbation expansionsdyy Ect,  inset (b) of Fig. 3. It increases upon cooling down
and working in the limitU — o, the exchange coupling the sample from room temperature Tgp and rapidly
constant between two spins on neighboring rungs becomeiecreases forl < Tsp. Within the discussion given
8tﬁti above, this increase marks an increase in short range
= m (4) antiferromagnetic correlations of the_chains. Below t_he
= R phase transition, nearest-neighbor spin-singlet correlations
The coupling to infrared light withE ||a can now be become dominant, angk is suppressed.
included using the dipole approximation. The only effect Upon cooling down the sample belo®isp = 34 K,
is to change the potential energy of thi®) states relative significant changes occur in the phonon spectrum (see
to the |L) states. In other words, we have to replake Fig. 2). Contrary to CuGe{)15], where we observed in
with A + ¢.d | E,, wheregq, is the electron charge, and reflectivity a single, very weak additional phonon, ten new
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second-order character of the phase transition is nicely
shown by the behavior df for the960 cm™! folded mode.

On the other hand, pretransitional fluctuations manifest
themselves in the finite intensity of td8 cm™!' modes
aboveTsp. Similar pretransitional fluctuations have been
observed below 70 K in the course of a study of the
propagation of ultrasonic waves along the chain direction
of a’-NaV,Os [17].

O aTl7cm’ In conclusion, by a detailed analysis of the optical
& 2960 em™ 5 conductivity we provide direct evidence for the broken-
. (03 parity electronic ground state and for the noncentrosym-
® b7l8cm <> metric crystal structure of the high-temperature phase of
0.0F ! ! ! OO a’-NaV,0s. We show that a direct two-magnon optical
0 10 20 30 40 absorption process is responsible for the low frequency
T (K) continuum observed perpendicularly to the chains. By

Jfnalyzing the optically allowed phonons at various tem-
peratures, we conclude that a second-order change to a
larger unit cell takes place below 34 K, with a fluctuation
regime extending over a very broad temperature range.
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