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Low-energy excitations and dynamic Dzyaloshinskii-Moriya interaction ina’-NaV,Ogy studied
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We have studied far-infrared transmission spectra’'aNaV,0s between 3 and 200 cnt in polarizations
of incident light parallel toa, b, andc crystallographic axes in magnetic fields up to 33 T. The temperature
dependence of the transmission spectra was studied close to and below the phase-transition teffiperature
=34 K. The triplet origin of an excitation at 65.4 crh(8.13 meVj is revealed by splitting in the magnetic
field. The g factors for the triplet state arg,=1.96+0.02, g,=1.975+0.004, andg.=1.90+0.03. The
magnitude of the spin gap at low temperatures is found to be magnetic-field independent at least up to 33 T. All
other infrared-active transitions appearing beldware ascribed to zone-folded phonons. Two different dy-
namic Dzyaloshinskii-MoriydDM) mechanisms have been discovered that contribute to the oscillator strength
of the otherwise forbidden singlet to triplet transitidfirst, the strongest singlet to triplet transition is an
electric dipole transition where the polarization of the incident light's electric field is parallel to the ladder
rungs €,]la). This electric dipole active transition is allowed by the dynamic DM interaction created by a
high-frequency opticah-axis phonon.Secongin the incident light polarization perpendicular to the ladder
planes E,|c) an enhancement of the singlet to triplet transition is observed when the applied magnetic field
shifts the singlet to triplet resonance frequency to match the 68t aaxis phonon energy. The origin of the
second mechanism is the dynamic DM interaction created by the 68 craxis optical phonon. The strength
of the dynamic DM is calculated for both mechanisms using the presented theory.
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[. INTRODUCTION of successive phase transitions to phases with more than four
planes in the unit cell are observ&d.

The opening of a spin gap is of fundamental interest in  «'-NaV,0s is not an ideal one-dimensional spin system
one-dimensional spin one-half systems. In one-dimensionas revealed by inelastic neutron scatteriigs)."**In ad-
Heisenberg spin chains the coupling between the spins arfiition to the dispersion of magnetic excitations along the
lattice leads to the spin-Peierls instability; the atomic dis-ladder direction two dispersion curves with a rather small
tances change together with the nearest-neighbor exchangispersion of 1.2 meV along the ladder rung direction are
coupling between the spins. As a result the spin gap Operg;bserved. One curve is at 8 meV and the other_ at 10 meV at
separating the singlet ground state from the excited triplef€ center of the Bf'llou'” zone. More exact spin gap value,
state. The spin-Peierls instability was discovered in organi@-13 MeV (65.5 cm?), has bI%en determined by the high-
compounds and later on in inorganic CuGeOAlthough ield elec_tron-spln resqnan&%.
a'-NaV,0Oy5 is another spin one-half quasi-one-dimensional Doubh_ng of the 'at“C? constants alo_rngandb axes and
compound where the spin gap opening and the lattice distoguadruplmg alongc axis create addmona! Raman and
tion take place simultaneously,it is different from canoni- mfrared-acpve .modes at the phase-transition temperature.

. : ' S ﬁ-anl?e guestion is whether they are all zone-folded lattice
cal spin-Peierls systems. The magnetic-field dependence @i jes or some of them are spin excitations. The controver-
the phase-transition temperatﬁfeTc and the entropy gja| modes are infrared-active modes polarized alongcthe
chang® at T, are not consistent with the magnetoelastically 5yis at 68 and 106 cit and Raman modes with frequencies
driven phase transition in’-NaV,0s, where in addition to  nearly matching the frequencies of the two infrared modes.
the displacement of atoms @t=34 K a new charge order The origin of the 68 and 106 chl excitations is of funda-
appears.*® An extra degree of freedom comes from onemental interest since the 68 crhexcitation is almost degen-
electron being shared by the V-O-V rung@sNaV,0s isa  erate with the 65.5 cm' triplet. Spin chain models do not
quarter-filled two-leg spin ladder compound. In the low- predict a bound singlet excitation being degenerate with the
temperature phase unpaired electrons on V-O-V rungs shiftiplet excitation'’~*°
from the middle of the rung to off-center positions and a Electric and magnetic dipole transitions between singlet
zigzag pattern of ¥ and \P* ions along the ladder legs and triplet states are forbidden in principle. The reason for
exists on all ladder§®! There are four ladder planes in the this is the different parity of the ground singlet state and the
unit cell at ambient pressure and under high pressure a seriescited triplet state. The singlet state is antisymmetric and
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0B cause the correction is proportional@3/A, whereD is the

0.50 - B @ magnitude of the DM interaction anl is the separation of

025 : the singlet and triplet energy levels. In addition to the DM
g 0.00 - ’ q interaction there is a symmetric spin-spin interaction that is
& 025 : . quadratic in spin-orbital coupling. Although the symmetric

0.50 | - i interaction does not couple the singlet and triplet states it

075k s | affects the splitting of the triplet-state sublevels. It was

Y T shown by Shekhtmaet al??? for a single-bond superex-

i ®) ] chqngt_a thaf[ the triplet state_remains dggeneratg in zero mag-

2 i el eI B [, Dl | netic flgld if both symmetric and antisymmetric spin-spin
g 002p B AL R | LA interactions are taken into account.
‘cei Although the corrections to the energy levels are small,
£ ool ] the mixing of the singlet and the triplet state by the antisym-
& - 1 metric interaction could be enough to produce experimen-
& . tally detectable optical singlet to triplet transitions. The tran-

0.00 ! ! ] sition probabilities for the magnetic dipole operator in spin

0.0 0.5 1.0 15

oB chains with DM interactions were calculated by Sakiaal >

The idea that the electric dipole singlet to triplet transition is
FIG. 1. Two spins coupled by the isotropic exchange coupling,Partially allowed when an optically active phonon lowers the

J=1, and the DM interactionD||B,, D=0.4. () Energy levels; ~crystal symmetry and therefore creates a dynamic DM inter-

[t_)=|T_) and|t.)=|T.) are pure triplet states in any fieltp) ~ action was put forward by @aset al?>?° Below we calcu-

Nonzero transition probabilitied from the ground stat¢s) to the  late the energy spectra and transition probabilities using a

triplet state|t;) for a given orientatiori=x or y of the alternating  simple two-spin model. In the case of the static DM mecha-

magnetic fieldH,. nism the full spin Hamiltonian with Shekhtman corrections

is used. For the dynamic DM interaction we extend the

the triplet state is symmetric relative to the interchange otheory of C@aset al. beyond the perturbation theory and

two spins. Electric dipole or magnetic dipole operators, resolve the Hamiltonian by exact diagonalization.

sponsible for the optical absorption, will not couple these

two states. An antisymmetric interaction can mix singlet and A magnetic dipole transitions and Dzyaloshinskii-Moriya

triplet states. If such interaction exists the transitions are par-

tially allowed. The strength of the partially allowed optical ) .

transition, either magnetic dipole or electric dipole, depends " this section we calculate the energy spectrum and the

on the orientation of the light polarization and applied mag_magnetlc dipole trans!t|on probqbﬂmes for two isotropically

netic field with respect to the crystal axes. Using infrared@*change coupled spin$1/2) in the presence of the an-

spectroscopy it is possible not only to extract a separation diSymmetric DM interaction and the second-order symmetric

energy levels in a spin system, but also find the origin of thénterz_acno_n. We find the eigenvalues and elgengFates of the

transition, either electric dipole or magnetic dipole, and theamiltonianH=Hq+Hg, and calculate the transition prob-

orientation of the antisymmetric interaction. abilities from the ground state induced by the magnetic di-
In this paper we study spin gap excitations and phonons jR0!€ operator

a'-NaV,05 using far-infrared spectroscopy. To explain the

experimentally observed singlet to triplet absorption we Hma=9ueH1 (S$1+Sy), (N

present a calculation of the dynamic Dzyaloshinskii-Moriya _ L o

(DM) absorption mechanism by numerical diagonalization of/N€réH is the magnetic-field component of the lightjs

the spin-phonon Hamiltonian. Analytical results in the per-t€ €lectrong factor, andug is the Bohr magneton. The

turbation theory for the small dynamic DM interaction are Z&ro-order Hamiltonian is

given. Also, the theory of the second relevant mechanism,

the magnetic dipole active static DM mechanism is pre- Ho=JS,- S+ gupBo- (S1+S), 2

sented.

interaction for a spin pair

wherelJ is the isotropic exchange coupling between si@ps
andsS,, andBy is the applied static magnetic field. The first-

Il. STATIC AND DYNAMIC DZYALOSHINSKII-MORIYA and second-order corrections 4. (2.19 from Ref. 23
INTERACTION
2
The antisymmetric DM interaction, introduced by _ & et e o
Dzyaloshinsk#’ and Moriya?! is a combination of superex- Ho= = 55 S0 S2t 5351 DD S+ How, 3

change and spin-orbital interactions and is linear in spin-

orbital coupling. For a particular spin system the allowedwhereD is the DM vector and we have separated the anti-
components of the DM interaction are determined by thesymmetric DM interaction

symmetry of the spin compleéX:?! Corrections to the energy

spectrum due to the DM interaction are usually small be- Hou=D-[S$XS;]. 4

144410-2



LOW-ENERGY EXCITATIONS AND DYNAMIC . ..

We choose singlet and triplet as the basis of eigenstates —(—|S|—)=1/2.

PHYSICAL REVIEW B 69, 144410(2004

Let the state vector be|W¥)

since they are the eigenstates ld§. These states are the =(T, ,T,,T_,S). We diagonalize the HamiltoniaH =H,
singlet|S)=(|+—)—|—+))/y2 and the three components +H, for two orientations of applied field, along the DM

of the triplet| T_)=|— =), |To)=(|+—)+|—+))/V2, and
|T.)=|++). The spin-quantization axisis chosen parallel
to the applied fieldB, and for a single spin(+|S,|+)

1 1 D2J-14G 0
ZJ+1—6 J +G,
1 3
0 T1_ " Rn27-1
4J 16D J
H:
0 0
0 =1D

whereG,=gugBy is the Zeeman term. For arbitrarily cho-
senJ=1 andD=0.4 the energy levels are shown in Fig.

1(a). The symmetric part of, adds a correctio®?/(16J)
to all energy levels excedf,) where it is —3D?/(16J).
This correction for|T,) is partially canceled byHp,, that

vector and perpendicular to the DM vector, denoting the
eigenstates byt( ,ty,t_,S).
Bo||D||z The Hamiltonian in the matrix representation is

0 0
1
0 —EID
1 : (5
T T p27-1_ 0
20+ gD -6,
1
0 240 T p271-1
4J+ 16D J

(1) from the ground state is calculated a&=|(t;|S;;
+S,9)|?, i=x,y,z. The alternating magnetic field, po-
larized alongx or y axis (perpendicular tB, and D) gives
nonzero intensities as shown in Figbl This is becausgs)
has the triplet componenT,) mixed in and the transitions

mixes|S) and|To). As a result the triplet state sublevels stay frqm I To) to|T_) and|T, ) are allowed byS, andS, opera-
degenerate in zero magnetic field as was pointed out in Refgyrs  The transition probabilites do not depend on the

22 and 23. The net effect ¢, in zero field is to lower the
singlet-state energy by 3D?/(16J) and to raise the triplet-
state energy byp?/(16J).

The transition probability for the magnetic dipole operator

1 1 P 0
ZJ_l_GD J "+ G,
1 1
0 Lot 21
4J+ 16D J
H=
_EDZJfl 0
8
V2
- 0
2 D

In this field orientatio T_) and|T, ) are mixed intgdS) by
Hpm and |ty) remains a pure statéty)=|T,). Note that
there is an avoided crossing @ttgBo~1 between|s) and
[t_) as shown in Fig. @).

The transitions froms) to [t_) and|t,) are observed
whenH,|B,, seel, andl, in Fig. 2(b). In high magnetic
field 1, prevails ovell ; because the mixing ¢ _) into the
ground state increases and the mixing|®f ) decreases.

strength of the applied field since the mixing|&8} and|T,)
is independent oB,.
BoL D|ly. The Hamiltonian is

_EDZ‘]*l ED
8 4
0 0
L1 W ®)
—-J——=DJ -G, —D
4 16 4
V2 3 1
- _ 2711
Z D 4J+ 16D J

Finite transition probability? to the|t,) is observed in small
fields whenH,1 By,D whereasl3=0 (H,|D) as B, ap-
proaches zero. Both transition probabilities are determined
by the amouniT _) and|T, ) are mixed into the ground state
since transition operatoiS, and S, couple these two states
to the|to) =|To) state. andl} gain intensity as the ground
state changes intd _) with increasing field.

In summary, the following selection rules are observed for
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0.75 . wheree is an effective charge associated with a lattice nor-
0.50 A @ mal coordinateQ. Here we assume that the electric field is
0.25 polarized parallel to the electric dipole moment of the normal
& 0.00 L 4 coordinateQ and we have dropped the time dependence of
g 025 t . V. . .
0500 - | We expand the DM vectdD into a power series o,
-0.75 ) 3 JD
100 |t D(Q)=D(0)+% Q+---. (8)
e —1 [/ ®) | Q=0
:;‘:? o2l T L --=-17 I/ Byl Dly ] The first term is the static DM vector in the absence of lattice
3 i A ] deformation. We already demonstrated in the preceding sec-
§ I S ] tion that this interaction gives rise to magnetic dipole transi-
:§ 0.1 N e tions between singlet and triplet states. Here for simplicity
g | 7 N we takeD(0)=0. We will ignore terms quadratic i® in
a 0.0 T Ll , ] Hsy [EQ. (3)] because these symmetric interactions will not
0.0 0.5 10 15 give us any transitions between singlet and triplet states.
gpB, Leaving out higher-order terms @ we get for the DM

FIG. 2. Two spins coupled by the isotropic exchange Coup"ng,mteractlon(4)

J=1, and the DM interactionD1 B,, D=0.4. (a) Energy levels; _ .
[to)=1|To) is a pure triplet state in any fieldh) Nonzero transition Homo=QDo [S:%S, ©
probabilities!] from the ground statgs) to the triplet statdt;) for ~ whereDo=dD/JQ|q-o. For the phonon system we use the
a given orientatiom=x, y, or z of the alternating magnetic field; . secondary quantization presentation. The lattice normal co-
ordinateQ can be presented in terms of creation and annihi-
the magnetic dipole transition from the singlet to the tripletlation operatorsa™ and a, Q=q(a’+a), whereq is the
state in the presence of DM interactidfirst, if the magnetic ~ transformation coefficient. Since we left oQf and higher-
field is parallel to the DM vectoD||B,, transitions to the order terms in Eq(8), the dynamic DM interaction will
triplet state sublevelg_) and|t., ) are observed. These tran- couple two phonon statés) and|n’), wheren’=n=1; n
sitions have field-independent intensities and do not depeni§ the occupation number of phonons in mage .
on polarization in the plane perpendicular to the DM vector, The Hamiltonian of the coupled spin-phonon system is
H,L D. Secondif the magnetic field is perpendicular to the

- t (1)
DM vector BoL D, then in small fields Bo<J/gug) the H=hwpa'a+JS-S,+gusBo- (S,+S,)+Hpuq.
transition to|tg) has a weak field dependence and is ob- (10
served in polarizatiof ;1 By,D. The transitions tgt_) and (1) oyt
[t,) are observed ii4||B, polarization. In this polarization Home=a(a'+a)Do-[S1X ], (1)

in magnetic fieldsgugBo=D, the transition probability to 7, is the phonon energy. In the low-temperature limit
|t_) increases and tft,) decreases with increasing field. k,T<%w the thermal population of phonon states is low,
Sakaiet al?* calculated magnetic dipole transition probabili- (n)~0, and we can consider only the phonon states with
ties for interacting spin chains using a 16-spin cluster. Inejther 0 or 1 phonon|0) and|1). After diagonalization of
their model the symmetric anisotropic superexchange waghe Hamiltonian(10) we treatV, Eq.(7), as a time-dependent
not considered. Our single-dimer model leaves the tripleperturbation to calculate the transition probabilities from the
levels degenerate whereas the degeneracy is lifted in theground state. We choo$8) and|T;) with the quantization

calculation. Whether the degeneracy will be lifted or notaxis along the applied fielf, as the basis for the spin states.
when the symmetric anisotropic superexchange in addition tpet the state vector beW=(T,1T,0T1T,0T_1,
the antisymmetric DM interaction is included in their model 1_0 s1,50). The Hamiltonian is diagonal in this basis ex-

needs a separate study. cept for the last termt 5y, . The eigenstates are labeled by
|sn) and|t;n) wheren=0 or 1. We solve two separate cases
B. Electric dipole transitions and dynamic Dzyaloshinskii- DQ”BO and Do L Bo.

Moriya interaction for a spin pair DqllBollz. In this field orientationDo=(0,0Dg). The

o diagonal elements are the same as in E§). except
We show that the electric-field component of the far-ihatp=0 and the phonon energyw, will be added ifn

infrared light E, that couples to an optically active phonon _ 1 pesjde the diagonal elements the nonzero elements of

can cause transitions between singlet and triplet states if thig,o Hamiltonian (10) are the ones created bH(Dll\)/I

phonon creates a DM interaction by lattice deformation. (1) _ ) _ _ €))

Electric dipole coupling between the phonon and the ligh <_Sl| HDMQ!JOO> SSO|HD'V'Q|T°1> (Tol|Hpmol SO)

in the long-wavelength limit is =—(To0|HpuolS1)=19Dg/2. The energy levels, calcu-
lated forJ=1, Aw,=1.2, andqDgy=0.4, are shown in Fig.
3(a). The largest repulsion is betweési) and|ty0), which

V=eQE, (7)  are the linear combinations (81) and|T,0). The other two
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2'0 t'l' T L L T 1 r T T 2'0 tjl' T L L T 1 r T T
r a
15kl / @ 15} fyl / ® ]
a t0
1.0 _t_l + i 1.0 _t_l o i
B [ sl =) 1
205 Z = 2 05F s i
-1 tOO =1
" oof . “ o0f t0 1
L t0 t0
0550 1 05 50 ]
S P N 1.0 o o
2 o7l ]
g7 07 sl ®) » 08} s1 ®)
- Y | E— ] B |z, D
S o6 - = t0 A1z, D lly
N 3 o -
g 05| B [IDllz S \
o =% Y
E I g 041 L 4
2 o4 t0 ] I NAN
&= . g o02L7 i
031 ] = Tl 10
0_2 U T TR T [ TR TR T TR AN TR T TR T NN TR ST A TR T T TR TR 0-0 1 l-;:;::r:-] 1 1
0.0 0.5 1.0 15 20 25 0.0 0.5 1.0 1.5 20 25

gBB,

FIG. 3. Two spins coupled by the isotropic exchange coupling, FIG. 4. Two spins .couple_d by th? isotropic exchange coupling,
J=1, and the dynamic DM interactioq,Do=0.4, created by the ‘];1’ and_t::e d]zmamlc bM |n_tera(.:t|on|,D§=O.4, Ecreatedlby ':h.e
phonon with a frequency:w,=1.2; Dg|B,. () Energy levels; phonon with a frequencyiw,=1.2; Dol Bo. (a)' nergy 1evers,
|t-0) and|t.1) are pure statefT.0) and|T.1) in any field.(b) [t60) and|tol) are pure state%"ll'oo) and |T9,1.> in any field. (b)
Nonzero electric dipole transition probabiTities from the ground Nonzero electric dlpolc_e transition probabiliies from the ground
state to the coupled spin-phonon sti®) and|s1). The graphis State to the coupled spin-phonon sthite0) (dotted, |t 0) (dash-

not extended above the field where the ground state changes froﬂwotted' and|sl) (solid). The graph is not ext_ended above the field
the singlet/s0) to the triplet|t_0). where the ground state changes from the sing@} to the triplet

It_0).

mixed together states aj80) and|T,1) giving us the states Drings the(virtual) phonon back td0) while changing the
|s0) and|ty1). One has to keep in mind that not only the SPIN state tdTy). The polarization of the absorbed photon
spin states are mixed, but also the phonon st@teand|1) with respect to the crystal axes is determined by the phonon

i i . states involved.
are mixed. All other four states that involve triplet states Do Boz. We takeDo=(0,D,0). Beside diagonal ele-
|T.) are pure states.

The splitting of energy levels has to be taken with somements there are eight nonzero elemefifs 1|H MQ|SO>’

(1) @ 1)
precaution. The splitting due to the dynamic DM is observeo<T+0||a MQ|81>’ <T—1||(_{ MQ|58>' <-|S—60“('19MQ|51>'
when there is one phonon excitets 1. This is not the case (SLH l'\)/IQ|T+O>’ <31|HDMQ|T* ) A |HDMQ|T+1>'
at thermal equilibrium at lowl when(n)=0 (the possible <SO|HDMQ|T—1_>’ all equal toy2q Dq/4. The energy levels,
role of zero-point vibrations is ignored in our approadi E?écizt)ed fod=1, #wp=1.2, andqDy=0.4, are plotted in
the phonon is brought to the state=1 by the light-phonon : ) -
interaction(7) the effect of one phonon on the shift of energy The strongest mixing occurs betweel) and |T..0)

levels should be observed in the experiment, unless it igving the eigenstatels1) and|t..0). Also, there is an ad-

much smaller than the lifetime or inhomogeneous broaderﬁgiggal mixing betweer|T_0) and|T.,0) levels in small

ing of energy levels. The magnitude of the shift and whether

it could _be observed in the experiment or not will not affeECtis less pronounced since their separation is larger than the
conclusions about the transition probgpll|tles,. . separation ofS1) and|T..0). Therefore, for the analysis of
Calculation of the transition probabilityt;n’|V[s0)|* is  the transition probabilities the ground state can be taken as
straightforward sinc® couples states that are diagonal in thepure |S0) and the transition probabilities are mainly deter-
basis of pure spin states and nondiagonal in the basis Qfined by the mixing betweef$1) and|T. 0). The effect of
phonon state$0) and|[1). Two transitions from the ground mixing of |T. 1) into the ground state has a secondary effect
state|s0) are observed, t¢s1) and [to0), shown in Fig. on the transition probabilities. Transitions from the ground
3(b). If the dynamic DM is zero, thenis0)=[S0), |s1)  state to three excited stats 0), |t_0), and|s1) have non-
=|S1), and|to0)=|T,0). The transition froms0) to |s1)  zero probabilitiedsee Fig. 4b)]. The transition probability
is an ordinary absorption of an infrared photbw,=Es; o the |s1) state increases with field becausa) changes
—Ego with probability 1, and the transition §0,0) has zero  gradually from the mixed state inttS1). The transition
probability. When the dynamic DM interaction is turned on, propapilities to|t, 0) and |t_0) state decrease as the field
additional absorption sets in and a photon of enelfg),  increases because the amouni$f) mixed into them de-
—Eg is absorbed. This can be viewed as a virtual excitatiorcreases. Again, the polarization of the absorbed photon with
of a phonon by the light to the stal&) while the spin state respect to the crystal axes is determined by the phonon states
remains singlet, and then the dynamic DM interacti® involved.

In small fields,gugBy<J, the mixing of| SO) and|T. 1)
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Perturbation theoryAnalytical results can be obtained in pipes were used to guide the far-infrared light into the
the limit |Eg;—Et. 0|>qDQ, i=—,0,+. This case holds sample cryostat equipped with a 12 T Oxford Instruments
when | w,— (J+gMBBO)|>qDQ We find the first-order Magnet and two silicon bolometers from Infrared Laborato-

perturbation corrections to the sta{@n) and|T;n), where fies operated at 0.3 K. A rotatable polarizer was mounted at

n=0,1, usmgH(Dl,\),'Q, Eq. (11), as perturbation. Then the the end of the light pipe in front of the sample to control the

transition probabilities are calculated between the new state'%‘)lar'zat'on of light. Spectra were recorded at 0.2 to
|s0) and|t;0) as was done in the exact treatment. 0.3 cm ! resolution. The magnetic field was applied parallel
to the direction of light propagatiofFaraday configuration,
For Dg||Bol|z we get _ ; P
k||Bo) or perpendicular to the light propagatiowoigt con-
, . (ADQ)*(hiwp)? figuration, kL. By). Measurements above 12 T were per-
(to0|V[sO)|“= p_[(hw EERTIY (12 formed at the National High Magnetic Field Laboratory on a
p

33 T Bitter magnet in the Faraday configuration using a
wherell pz(qul)2 is the light absorption intensity by the Bruker IFS 113v infrared spectrometerdaa 4 K silicon bo-
infrared-active phonon. The transition probability frdsg) lometer from Infrared Laboratories.

to the triplet level|ty) is independent of the magnetic field. The anisotropic power absorption coefficiemf(w) (i

For the perpendicular casBq L By|z, =a,b,c) was calculated from the measured transmission
205 o.)2 T(w) assuming one back reflection from the crystal front

(t_0|V|s0)|2=1 (Do) (frwp) . (13 face and one from the back facd;(w) = (1—R;)%exp
p2[(hwp)2— (J—gueBo)?]? [~ a;(w)d], whered is the thickness of the crystal. We used a

frequency-independent value for the reflectance coefficient
(aDg)?*(fhwp)? 14 Ri=[(n;—1)/(n;+1)]%. Indices of refractionn;, at 4 K
P 2_ 292" and terahertz frequencies ang=3.64, n,=3.16, andn
2[(h J+ B b c
[(frwp)”™= (J+g1eBo)] =2.70 (Ref. 29. According to another pap&rindices of
If Awy<<J then the intensity of the transition froms0) to  refraction 44 K and 0.55 cm? aren,=3.07,n,=3.19, and
[t_0) mcreases with the magnetic field and decreases for thg_=2.03. We calculated 2/n,=1.16 from the fringe pattern
transition to[t, 0). If #w,>J then the intensity of thgsO)  in the 10 to 50 cm range using our transmission data. This
to[t,0) transition increases and {#0) to |t_0) decreases. ratio is more similar to the ratia,/n,=1.15 from Ref. 29
In the perturbation limit the zero-field intensities of the tran-and therefore we used their values for refraction indices. The

(40| V|s0)|*=

sitions from|s0) to [t_0) and|t,0) are equal. real part of the conductivity in units dd~* cm™t is
In summarythe following selection rules are obtained for _
the electric dipole transition from the singlet to the triplet gi(w)=nj(w)aj(w)/(120m), (15

state in the presence of the dynamic DM interactidn:The

polarization of the transition: E; is parallel to the dipole Where in the limit of weak absorption we taketo be inde-
moment of the optically active phonon that creates the dypendent of frequency.

namic DM interaction;(2) the orientation of the dynamic

DM vector Dy, is determined by the symmetry of the lattice IV. RESULTS

distortion created by the optically active phonof®) if

Bo| Do a magnetic-field-independent transition probability to A APSOrption spectra and their temperature dependence

the triplet-state sublevelt,0) is observed;(4) if Byl Dq The absorption spectra at temperatures above and below
magnetic-field-dependent transition probabilities to thethe phase-transition temperaturg for incident light polar-
triplet-state sublevelk , 0) and|t_0) are observed. izationsE,||a andE,| b are shown in Fig. 5 and fd&,|c in
Fig. 6. BelowT, several new lines appear. The line param-
Il EXPERIMENT eters are listed in Table I. The full width at half maximum

(FWHM) of the narrowest lines is determined by the used

We studied several single crystals @f-Na,V,0, from instrument resolution, 0.2 cnl. The best fit for the resolu-
the batch E1067 According to the heat-capacity measure-tion limited narrow lines was obtained using Gaussian line
ments these crystals have,=33.9 K, and the chemical shapes, otherwise a Lorentzian line shape was used.
compositionx=1.02 andy=5.06. The &b)-plane proper- The E,||a absorption at 40 K is dominated by a continu-
ties, E,Lc, k|c, were studied on three single crystals, ous absorption steadily increasing towards high frequencies.
600 um [area in the &b) plane 21 mm], 120um  Above 180 cm? the absorption is too strong and our data
(20 mnt), and 40um (3.5 mnf) thick in ¢ direction. The are not reliable above this frequency. There are two deriva-
(bc)-plane propertiesE; L a, k||a, were measured on a mo- tivelike absorption lines, one at 91.2 chand the other at
saic of three crystals, each650 um thick, with a total area 140 cm 1, the latter being relatively broad and has its phase
of 19 mn? in the (bc) plane. The &c)-plane properties, opposite to the 91.2 cnt line phase There is a narrow line
E.Lb, k|b, were measured on a mosaic of seven crystalsat 137.6 cm® on top of the 140 cm? line. WhenT is low-
each~800 um thick, with a total area of 8.5 mimin the  ered, the absorption continuum is diminished over the entire
(ac) plane. frequency range. Still, substantial absorption continuum re-

The far-infrared measurements were done with a polarizmains above 130 ciit. At T=4 K the 91.2 and 140 cit
ing Martin-Puplett Fourier-transform spectroméfeiight  lines have a normal absorptionlike line shape. New lines ap-
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L L TABLE |. Absorption line positionsw, (cm™1), full widths at

o El”“(’:f:() - half maximum y(cm™%), and areas (ci?) in 4.4 K and 40 K
I —40K i spectra ofa’-NaV,05 in zero magnetic field. IndeX refers to the
so0 L 190 e | singlet to triplet excitation ané to the Fano line shape.
T T sof/*/\{ . 44K 40 K
T A0 [~ A - o y Area wo y Area
B L L L 7 T
% s ss 70 7 Eilla 65.4 0.6 6
200 - ] 91.2 0.2 50 907 0.8 120
- 1 101.4 0.26 110
1 Pl PR T T T S T
M

- 101.7  0.19 47
1117  0.18 8
126.7  0.17 240
1275  0.22 140
138.5 0.4 450 137.7 2.2 1000
1 140 4.4 2000 1410 8 5300
145.6 0.5 230
147.8 0.8 650
157.1  0.29 25
168.2  0.35 16

400 |- ®) E/b(legs)
44K

- —40K

0 50 100 150 200 Ele 25.3 0.55 54
Frequency (cm™) 26.4 0.47 37
30.8 0.84 130
FIG. 5. Absorption spectra af'-NaV,O5 below,T=4.4 K, and 325 1.05 145
above, T=40 K, the phase-transition temperatuta) E,|a, (b)
E,||b. The inset shows the singlet to triplet excitation at 65 ém 345 0.95 109
36.4 1.51 181
pear as well: doublets at 102, 127, 147 ¢nand single lines 654 02 0.3
at 112, 157, 168 cmt. The inset in Fig. &) shows a weak 39.1 0.43 9
line at 65.4 cm?, the singlet to triplet excitation. The mag- 91.3 0.3 S
netic properties of this transition are described in more detail 1014  0.24 70
in Sec. IV B. TheT-dependent spectra of the singlet to triplet 111.7 0.2 24
transition are plotted in Fig. 7. To better extract this rela- 126.7 0.26 100
tively weak line the difference of two spectra at fix€done 127.5 0.2 320
measured in 0 T field and the other measured in 5 or 10 T 145.7 0.58 11
field, was calculated. One can see that the negative line, rep- 148.0 0.65 25
resenting the zero-field spectrum, together with the positive 168.3 0.42 27 168.6 0.6 20
features(the lines in 5 or 10 T spectrashift to lower fre- 180 180
guencies as the temperature increases and at the same time 199.4 1.4 157
the lines lose intensity and broaden. The temperature depen- 215.1 29 420 214.9 25 450

dence of line parameters is plotted in Fig. 8.
Eillc 65.4" 0.2 0.5

80 T T T T

. 68 <1  >100
S 106 <25 >110
ks \ 3
nr \ p % N 124 <1 >50
— w0k N N N 126 <15 >30
~eolT MR N 130 <1 =20
5 \ N
g \ 132 <2 >50
3 R

50 \
The E,||b absorption at 40 K is dominated by a strong
J.\\\\\\\\\\ \ phonon line at 180 cm* and a weaker line at 215 cm,
a0 0 2 100 120 140 Fig. 5(b). The temperature-dependent absorption continuum,
as was observed iB,||a polarization, is absent i&,||b [note
the different vertical scales in Figs(aéd and 3b)]. Several
FIG. 6. Absorption spectra at 4.4 K and 40 KHqc polariza-  lines, at 101.4, 111.7, 126.7, and 127.5 ¢mhave the same
tion. frequency as in thea-axis spectrum, although different

Frequency (cm")
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150 F T T T T T T T T T T T ]

Bl ko K

E K
= A
'g ©
B
£ —
A 4l 25K E |, B, Kb 1
-6 L 1 1
40 50 60 70 80 .
Frequency (cm™) Frequency (em")

FIG. 7. Temperature dependence of the singlet to triplet absorp- FIG. 9. Temperature dependence of seven low-frequérayis
tion spectrum inE,|a polarization. phonons.

strength. The line parameters are listed in Table I. The temline appears at 26 cnt asT is lowered. At lowT those two
perature evolution of the multiplet of seven lines in fhdb ~ features split into a doublet and a quintet. The line at the
spectrum below 40 cit is shown in more detail in Fig. 9. highest frequency, 39 cnt, is relatively weak compared to

Below T.=34 K a broad line appears at 32 ch Another  other six lines. The spectra shown in Fig. 9 have not been
corrected for light interference fringes in the sample. The 60

Y AT A A A AR AR AR K spectrum could be used as a background, but with some
i Rk 9 ] precaution as some intensity is lost between 40 and 70'cm
E osf A N - whenT is lowered.
] | O 65cm StoT \:P i The E b . h h f b
% os]  + 68’ phononEjec . A e 1||c7a} sorption spectrum has no sharp features be-
é - jp | low 140 cm ~ in the high-temperature phase at=40 K
2 041 ___ X ray diffraction peak 4\ . (Fig. 6). Wh?nT is lowered below 34 K new lines evolve at
ozl A 98meves ¥ ] 68, 106 cm!, and two doublets around 124 and 132 ¢m
1 \ ] Since the low¥ transmission was too small at the transmis-
0.0 sion minimums and the absorption coefficient cannot be de-
T T termined accurately, only the upper limits for the linewidths
0 & + o+ b o i . .
o 1 T . and the lower limits for the line areas are given in Table I.
T | o o o l <3 ] The temperature dependence of the 68 &iine is shown in
g sl I Fig. 10. The line shifts to lower frequency and broadens as
g 081 7 is raised from 4.5 K. Some intensity change is still observed
& | ossp l ] above T, between 34 and 35 K, but there are no visible
054 - - 1 differences between the 35 K and 37 K spectra. The tempera-
0.6 [ ture dependence of line parameters is plotted in Fig. 8 to-
W0 + ] gether with the singlet to triplet resonance data. Since the
b + 9 1 largest experimentally detectable absorption was limited by
~ BF + ] the thickness of available crystals the line area has been re-
g + :
10F 3
E 80— T T
= st T : |
[ + o 1 0L ——-20K
0'....dT....-‘k....ﬁ)....?....|....|....|....' L ____zgi

(=]
th
—_
[=1]
—
v
b
=]
[
U
W
(=]
w
th

——33K
---- 34K
—— 35K

TK)

o (cm")
3

FIG. 8. Zero magnetic-field temperature dependence of the nor-
malized absorption line ardpanel(a)], normalized resonance fre-
quency(b), and FWHM (c) for the singlet to triplet transition at
65.4 cm *Eyl|]a (circles, and for the 68 cm' c-axis phonon [
(crosses Inset to(b): the solid line is a fit of theSto T transition 40 N

energyA(T)/A(4.7 K)=(1—T/T)#? above 20 K;T,=33.9K, 3 . ‘4'0' = '5'0' = '6'0' = '7'0' = 'slol = '9'0' oo
=0.039-0.002. Additionally the x-ray-diffraction peak intensity Frequency (cm’)

from Ref. 38 is plotted with a dashed line in par@ and the

normalized gap at 9.8 meV measured by IfR&f. 3 is shown with FIG. 10. The temperature dependence of the 68’ cmaxis
triangles in(b). phonon absorption spectrum.
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15 T T T T T ] Frequency (cm'l)
— a(5T)-0(0.4T) p 30 40 50 60 70 80 90 100
'a r T T
% 10 o(5T)-a(0.6T) O Bb,E|a
:g 5 j —(1n1’=180(:m'1 o ]
§ S5t (4T)-a(0.8T) ali ——- ml,=518«:m'1 & i
& r Pt ; ; -
-o( 1. * H H L~
f",Q:.‘ 0 a(4T)-o(l 2T)_ g 3| H é(& i
B2 KicEa b 8 [ i =
: : : : : <o = T 1
~ [9 (BT)-o(0T) I
g 10 4 1r i .
= | a(6T)-a(0T) H :
; oLl I
: 5+ AT)-of 0 3 40 10 20 30 40
g _ a(4T)-a(0T) B, D
g o(2T)-o(0T)
A . FIG. 12. The magnetic-field,|b, dependence of the singlet to
B €, a, . . . .
S , , , triplet resonance line area at 4.4 KHj/|a polarization. The values
' ' ' o(12T)-a(0T) for the transition tang=—1 are plotted in the negative field direc-
10 tion and for the transition tng=1 in the positive field direction;
‘-g I (9T)-a(0T) gaup=0.922 cmiY/T. The lines show the theoretical transition
3 S a(6T)-a(0T) - probability for the electric dipole transition for a set of parameters
| r wherew, is the resonance frequency of an optical phonon coupled
§ 0 a(3T)-a(0T) to the spin system by the dynamic DM interaction: solid ling,
— —1. H — —1
g L Bb Kb Es e =180 cnmi *; dashed linew,=518 cm "
St I I I I I 1
LD Bjle KicE|laH|b e&T The field dependence of the singlet to triplet transition line
25t areas is shown in Fig. 12. The lines were fitted with a Lorent-
~ T zian function, FWHM being between 0.5 and 0.6 cmThe
§ 20 line areas of the transitions to thes;= —1 andmg=1 levels
s s o depend weakly on the magnetic field. Belosee Sec.
B \ V A 1) we calculate the electric dipole transition probability
0 , , , , , using the presented theory of the dynamic DM effect, and

50 55 00 e (™ 75 80 compare it to our measurement results.
quency (cm) . . . .
An important question to answer is which component of
FIG. 11. Magnetic-field dependence of the singlet to triplet tran-light, E; or H4, interacts with the spin system. What is com-
sition spectra inE,|a polarization. Spectra have been shifted in mon for the data presented in Fig. 11 is that all these mea-
vertical direction. Measurements were done in Vdt(b) and in  surements were done with the light polarized along the lad-
Faraday configuratiofc),(d). der rungs,E,;|]a. We made complementary measurements
rotating the incident light's polarization by 90°, thus inter-
liably determined only above 25 K. Below 25 K the plotted changing the orientations &; andH;, and found that the
FWHM is the upper limit for the linewidth. singlet to triplet transition was at least ten times weaker if
E.l a. While the data presented in panésg, (b), and(d) of
Fig. 11 still leave open the possibility that the singlet to
triplet transition could be a magnetic dipole transition where
We studied the magnetic-field effect on the absorptiorH,||b, there are two other observations that contradict this.
spectra below 130 ciit at 4.4 K in magnetic fields up to 12 First, in Fig. 11(c) H, is not parallel to thé axis whileE; is
T in all three polarizationsE,|a, E4||b, andE;[c. We did  still parallel to thea axis and the transition is still strong.
not see any line shifts nor intensity changes except for th&econdin Fig. 13 two spectra withH,||b are presented for
65.4 cm ! absorption line. the By||a applied magnetic-field orientation. The upper curve
For E,|a polarization the magnetic-field effect on the with E,||c shows about ten times weaker absorption on the
65.4 cm * line is demonstrated in Fig. 11. When the fi@lg  singlet to triplet transition than the lower curve wih|a.
is parallel to thea or b axis, the line split§panels(@—(c)]. I Since the same orientation &f, gives different intensities
Bol|c configuration the line does not split or change its inten-the orientation of magnetic-field component of light is irrel-
sity [panel(d)]. From the field dependence of the resonancesvant. Summarizing the results presented in Figs. 11 and 13
frequency the 65.4 cm" absorption line can be identified as we conclude that the strongest contribution to the singlet to
a transition from a singlet ground sta®=0 to a triplet triplet absorption comes from an electric dipole transition
excited stateS=1. Light is absorbed, depending on its po- with the dipole moment along the axis.
larization, either by transitions tms=1 andmg= —1 triplet There are other contributions to the singlet to triplet ab-
levels whenByL c or to the magnetic-field-independemis  sorption, although much weaker thanggl|a polarization, as
=0 level whenBg|c. The measurements were extended tois shown in Fig. 13. The upper spectrum is for thaxis
33 T in one polarization and field orientatioB;||a, By|b.  polarized light. Two vertical dashed lines mark the area

B. Singlet to triplet absorption in magnetic field
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10 T T T —T 0.7 T T T
BJ|a,H/|b 0x | )
0.6 -
Bla,k|a
Vv Eje
i i 05| !
£ 5 i a(4.5T)-a(0.65T)] I 4 Ejb
8 k| a, E1||¢ i 04
g 5 B,b, kb
3 % - o El”c
g o d k 03
(=]
o(ST)-a(0.6T)
] Ca-B-4_s___3=
A _
-5 1 1 H T v
55 60 65 70 75 I . . . . .
Frequency (cm™) 0.0 ' ' ' T '
0.6 L ® 68cm’ excitati ]
. . . . . -0 tation
FIG. 13. Differential absorption spectra of the singlet to triplet L Bjcka -f’f;:ﬁc: ”
transition at 4.4 K inE,||a and E4||c polarizations. TheE,||c spec- osf° v Efe
trum has been multiplied by 10 and offset in the vertical direction. 0al A E|b
Both spectra have been measuredifja, H,||b geometry. < “
where the strong absorption due to the 68 ¢nexcitation < :
takes place in this polarizatiqisee also Fig. 6 One can see
that the absorption lines closer to the 68 cnexcitation are
stronger than the lines further away.

The line areas measured in different geometries as a func-
tion of magnetic-field strength are plotted in Fig. 14. We
used the method of differential absorption, where spectra . . .
taken in different magnetic fields are subtracted from each FIG. 14. The magnetic-field dependence of the singlet to triplet

- T . transition line area at 4.4 K in two polarizatiorig,/|c (empty sym-
other to detect weak transitions. In this differential methodbols) and E,|b (filled triangles. The line areas are plotted in the

the transition from the singlet state to the=0 triplet state  negative field direction for the transition to the= — 1 triplet level
e_Scapfr? detectlo(rmr}lti;s t?? I'”:elnS”)I/ gependst 0?] the f)ek_jtrsnd for the transition tang=1 in the positive field direction. The
since the energy or tnis triplet Ievel does not change Wwitlzero-field data points on the graph are one-half of the measured
magnetic field. Therefore, only the intensities of the transi-area.(a) By|la andBg||b. (b) Byl|c. The dashed line ifa) is a guide
tions to themg= — 1 andmg=1 triplet levels can be detected for the eye. The dashed line i), units on the right axis, is the
and are plotted in Fig. 14. An interesting finding is the en-68 cm * absorption line shape with the background subtracted and
hancement of the singlet to triplet transition B|c polar-  the energy units converted into magnetic-field units using the triplet
ization close to the 68 cit excitation. It is natural to asso- Ztatteg f‘."‘ctto,r’ gt;:ﬂi.go. TlheAe”Ol,r dbl?‘rs Sbh‘?""” ?tntly g]’) f;pply to
ciate the oscillator strength of this weak transition with the ata points in both panets. A soli me_gn) IS afitto the dynamic
interaction between the spins and the 68 énexcitation DM mechanism induced by the 68 crn phonon. The oscillator

- " p . oo strength of the phonon and the singlet to triplet transition in zero
\IIBVhHIEhO?i?; {aat?é)?'lo\l/shn;?enlﬁZiglic;nr?otianﬁ;.’]zgr?ﬁsgfﬂglgg IS field are 400 cm? and 0.13 cm?, respectively. The ?nly fit pa-

0 - rameter is the dynamic DM interactiogDo=0.13 cni ™.
larization. In this field direction only the transition to the
tn(;?;t:ez Lee\/c;e(;uhsaéso? &%nﬁégsﬁg'rlrl]itr?{ r?:::?r?g(;h but is not dejes of the singlet to triplet transition for the third field ori-
. X ' entation,B||c, givesg.=1.90+0.03.

Besides the strong;,||a absorption and the resonantly en- In zeroof|ieldgthe t%icplet levelsng=—1,0, and 1 are de-
ngﬁgﬁﬂgﬁgiﬁﬁﬂ '::higr%;; ?\l geg)%]g]r?zea‘;%mdzzitS%St’fc')lgtorgenerate; it is best (ls:;een Whin)comparing the zero-field line
) ’ : C ) : ositions in Figs. 1) and 11d). Determining the size of
is observed there in contrary to the first two mechanisms of,a sero-field splitting is limited by the linewidth. We can say

singlet to triplet transitions that can be recognized by theify, i the zero-field splitting of the triplet levels is less than
polarization dependence. In high fields the transitions to th‘ﬁalf of the linewidth,/2=0.25 cm *.

ms=—1 andmg=1 levels have the same strengthEnrl|b

and E,||c polarizations[Fig. 14@)]. When Bg||c and E4||b

[Fig. 14(b)] the intensity of the transitions to theg=—1 V. DISCUSSION

andmg=1 levels is zero and in this configuration the tran-

sition to themg=0 level is active. More detailed analysis of

this mechanism is given in Sec. V A 3 where we associate In this section we analyze three different contributions to

this with a magnetic dipole transition. the singlet to triplet optical absorption observed experimen-
Within the error limits theg factors of the triplet state are tally in a’-NaV,0s. Two of them fall into the same cat-

the same for the two in-plane field orientatiogg=1.96 egory, the electric dipole active dynamic DM mechanism.

+0.02,g,=1.975+-0.004. The fit of the resonance frequen- The third contribution is probably due to the static DM in-

A. Triplet state and Dzyaloshinskii-Moriya interaction
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teraction mechanism where magnetic dipole transitions are 5, @
active, but cannot be explained with a single-dimer model.
We rule out a possible singlet to triplet absorption mecha- o, o,

nism based on a staggergdactor. The staggered-factor
mechanism requires that the principal axes ofghensors of
a pair of spins with anisotropig factors must not coincide.
Let us consider for an example the s@nwith its principal ®
axes rotated from the crystal axis by an angled and the

spinS, by an angle— # andBy|a. Let the Hamiltonian con- b

tain isotropic exchange interactials,; - S, and Zeeman in-

teractionBy- (g;- S;+ 0, S,). Matrix elements between the
singlet and triplet states equal toBy(g,— g;,)Sin 6cosé ap-
pear. It is important that the singlet-triplet mixing is propor-
tional to By. First, there is no mixing in zero fieldg,=0)
and the staggeregHfactor mechanism is turned ofecond

the tr.ans'tlon probabilities increase EBO_IZ if the ma,gnet'c d)] with two ladders shown. For illustrative purposes it is assumed
f'?ld is small compared tF’ the separation of the singlet ,an at the spin is located on the rung oxygen. Oxygens are shown by
triplet states. In the experiment we observe a singlet to triplefjieq circles and vanadium atoms by open circles. Block arrows
transition in zero field, and also the observed magnetic-fieldnow the displacement of atoms due to a phor{@h.Superex-
dependence is different from that of the staggegedctor  change paths between two spins over on-leg oxygens within the
mechanism. Therefore this mechanism does not apply to t%me ladder in the Zigzag ordered pha@;same Superexchange
singlet-triplet transitions inx’-NaV,0s. paths when am-axis phonon is involved(c) superexchange paths
between two spins in the neighboring planes over apical oxygens
displaced by &-axis phonon when spins are in-line alongxis or
(d) zigzag.

The strongest singlet to triplet absorption is observed in
E,lla polarization. There is no resonant enhancement in the.g o
magnetic-field dependence of the line area as seen in Fig. 3. 518 cm? phonon.

and any of the optically active excitations i |a polariza- The orientation of the DM vector is determined by the

tion is a candidate that can create the dynamic DM in}er""CVector product of the vectors connecting two spins over the
tion. Nevertheless we can make some choices. The 91 cm superexchange pafit®

a-axis phonon is not active since no enhancement is ob-
served when the upper branch of the triplet resonance crosses D
the phonon frequency at 28 (Fig. 12 although there is an m:[Rsl,oi>< Ro, s,]- (16)
interaction between this phonon and the continuum of mag-
netic excitations as is manifested by the Fano line shape dh the zigzag ordered lowW-phase two superexchange paths
the phonon line abové, (Fig. 5). exist, one over on-leg oxygen,Cand the other over 9

In Fig. 12 we have plotted two fit curves based on perturshown in Fig. 183). The resultant DM vector is zero since
bation calculation resultBEgs. (13) and (14)]. In one case the two DM vectors, pointing irc direction, cancel each
the phonon frequency was fixed to 518 tinthat is the other. The zero length of the DM vector follows from the
strongest-axis optical phonor? In the other case the pho- general arguments of symmetry too as in this particular case
non frequency was a fitting parameter giving us (180there exists a local center of inversion located between two
+10) cmi L. This value represents the lowest boundary forV-O-V rungs. The 518 cm' a-axis phonon displaces on-
the frequency of the DM phonon. Phonons with lower fre-rung oxygens along the runn-rung V-O-V stretching
quencies would give a too steep magnetic-field dependenaaode,® Fig. 15b). Because of the phonon the two superex-
of the singlet to triplet transition probability. It is likely that change paths are not“‘equal” anymore and the resulting DM
the lowest boundary of the phonon frequency has been urnvector points along the axis. The orientation of the dynamic
derestimated since the three high-field data points above 30DM vector, DQ||c, is consistent with the selection rules for
influence the fit by lowering the phonon frequency. Addi-the dynamic DM interaction observed experimentally. The
tional measurements above 33 T are required to clarify thigsransition to thdt,0) is observed wheB|Dqg, Fig. 11(d).
intensity enhancement. Based on these fits the strength of thighe transitions to thét _0) and |t 0) states are observed
dynamic DM interactiogDq, can be obtained. The closest whenByL Dg, Figs. 11a)—11(c).
low-T phase infrared-activa-axis phonon in frequency to There is another phonon with an oscillator strength larger
180 cm ! is the 199 cm! zone-folded phonof: The than that of the 518 cit a-axis phonon. That is the
plasma frequencie€), of the 199 cm?! and 518 cm! 582 cm! b-axis phonon that stretches on-leg V-O-V
phonons are 48 cnt (Ref. 32 and 853 cm' (Ref. 33,  bonds®>* In the highT phase where electron chargend
respectively. We convert the plasma frequency into thespin is rung centered, such distortion does not produce any
line area in absorbance unitfa(w)dw, using [a(w)dw DM interaction from the principles of symmetry. In the low-
=1TZQ,2)/na. From the fit results we calculatejDy T phase the charges are ordered in a zigzag pattern. The

FIG. 15. Cartoons of superexchange paths inahelane[pan-
els (a) and(b)] with one ladder shown and in tkeec plane[(c) and

1. Dynamic Dzyaloshinskii-MoriyaE||a

! for the 199 cm* phonon andjDo=0.9 cm * for
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on-leg V-O-V bond-stretching phonon lowers the symmetrythe limit of rung-centered spin distribution. Tlaeaxis com-

and creates the DM interaction along thexis. We do not ponent stays nonzero. To get a dynamic DM exclusively
observe a singlet to triplet absorption with an electric dipolealong theb axis we have to consider interactions between the
moment along thé axis in the experiment. There are two spins in the neighboring planes. Here the path for the DM
possibilities why theE,||b absorption is not observe#irst, interaction between spins in the neighboring planes goes
there is no zigzag charge ord&econd there is a zigzag over the apical oxygens. Two arrangements alongcthgis
charge order and although the dynamic DM is allowed byare possible in the zigzag ordered phase, shown in Figs.
symmetry, the actual value ofDg is small and the absorp- 15(c) and 1%d): in-line or zigzag. In both arrangements the
tion cannot be observed in our experiment. Since there is displacement of the apical oxygens in thelirection will
mounting evidence in the favor of a low-zigzag charge create a dynamic DM along the axis. As one can see not

order"®™ we consider the second case likely. only the dynamic, but also the static DM in thalirection is
allowed by the symmetry.
2. Dynamic Dzyaloshinskii-MoriyaE, | c In the experiment we do not see magnetic dipole active

. . . . I optical transitions caused by the static DM interaction. To
The singlet to triplet absorption with the electric dipole : S g
o , : compare the strength of magnetic and electric dipole transi-
moment along the axis is due to the dynamic DM interac- _ . ) )
. ) : 4 .. tions we must know the magnitude of the static DM interac-
tion. In this particular case the dynamic DM mechanism is.. . ; . )
. iy ) : . tion. The magnitude of the DM interaction was estimated by
brought in by the 68 cm™ optically activec-axis phonon.

The enhancement of the singlet-triplet absorption close to thf'\elf toer rlgiiior?an%g _gzeviget)ﬁlé \]f\r'gg_rgl‘; é?r550t¥2gt'gre)\(/§2al;1§:
68 cm ! line is present if the magnetic field is either parallel " 190 and J—ego meV (from Ref ?4 and. ot D
to a or ¢ axis, but missing if the field is along theaxis. In 92 - : g

: . =25 cm . The transition intensityl is proportional to
Sec. V C we present further arguments supporting the aSSIgI?|_V|/5£)2 where|V| is the matrix ele%nent gf tﬁe interaction
ment of the 68 cm! resonance to a phonon and not to a

magnetic excitation (D or gDg) between the two states ardit is their energy

In Fig. 14 the fit of the singlet to triplet transition inten- separation. For the static DM effedt is the singlet-triplet

— -1 i o
sities to the dynamic DM absorption mechanism is shown3aP: 6€=65.4 cm ; for the dynamic DM it is the energy
ifference between the phonon energy and the triplet level,

The input t th f f the ph . . S
© INpUt parameters are e resonance requency of e Pige_ g 65.4=2.6 cn L. The intensity of the magnetic di-

non,w,=68 cm !, and the frequency of the singlet to triplet i o iy
“p 9 y g P pole transition is weaker than the electric dipole transition by

transition as the function of magnetic fiel =A . X
N B here A—65.4 cnl. Wi g timat ddq::]i | the factor ofa; =137, wherea; is the fine-structure con-
—9Hpbo, WNEre A=0o.4 cm = Ve esimated e 1oW- a0t (see Ref. 37, p. 171 If we use D=25 cmi'! and

temperature oscillator strength of the phonon from Thae- qDo=0.13 cmi L we get that the intensity due to the dy-

pendence presented in Fig. 10 and %: 400 cm? The omic mechanism s (0.2365.4Y/ (25X 2.6)>~300

ratio of the singlet to triplet absorption OSC'”atorZStr?ngthtimes larger than the intensity due to the static mechanism.
QgT ©0 the oscillator St“ﬂgth of the phonor)y, s opical transitions due to the static DM interaction are sup-

05,/01;~0.13/406=3.3x10"". The only fit parameter is pressed with respect to the transitions caused by the dynamic
the strength of the dynamic DM interactiongDo DM because electric dipole transitions are stronger than

=0.13 cm ", magnetic dipole transitions.

We usedDq||b in our fit because the splitting of the triplet  Our conclusion is that the dynamic DM interaction along
in the magnetic field is observed i[a or B|c (Fig. 14.  the b axis, qDo=0.13 cni %, is between the spins on the
According to the selection rules for the dynamic DM only |adders of the neighboring planes. The 68 ¢ne-axis pho-
the transitions to the triplet states withs=1 andms=—1  non that creates the dynamic DM interaction involves the
are observed when the magnetic field is perpendicular to thgisplacement of apical oxygens.
dynamic DM vectoDq L By. The selection rules for the dy-
namic DM if By||Dgl|b allow only transitions to thens=0
level that does not shift with the magnetic field and we do
not see it in the differential absorption spectra that are taken There is a third mechanism for the optical triplet absorp-
in different magnetic fields. The background intensities thation that is responsible for the magnetic-field-independent
do not depend on the magnetic field in Fig.(d4are ana- intensities of the transitions to thmeg=—1 andmg=1 trip-
lyzed in the following(Sec. V A 3. let levels, shown in Fig. 14) by solid triangles and empty

Which lattice deformations along theaxis (electric di-  circles. The same mechanism contributes together with the
pole) will give the dynamic DM interaction in thd-axis  enhanced part discussed in the preceding section to the in-
direction? It turns out that we have to consider interplangensity plotted with empty triangles on the same graph.
interactions. For the beginning let us consider two spins on We could assume that the third mechanism is also an elec-
the neighboring rungs, as shown in Fig(d5where optical tric dipole absorption mechanism as the two mechanisms
c-axis phonons have the out-cflf) plane antiphase move- ascribed to the singlet-triplet absorption ia and E,||c
ments of oxygen and vanadium atoms. In the [Bweigzag  polarizations. Since this absorption is present in both polar-
ordered phase the dynamic DM vector will have componentszationsE;||b and E4|c one has to assume that the electric
along both,a and b axis. Theb-axis component of the dy- dipole moment is either in theb€) plane or, just by coinci-
namic DM turns to zero for a vanishing zigzag order, i.e., indence, two electric dipole mechanisms, one polarized along

3. Third optical singlet-triplet absorption mechanism
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the b axis and the other polarized along tbexis, give the Froquency (a)
same intensities. The case that the optical phonon respon- g, % % % €@ % % % 10
sible for the dynamic DM effect has a dipole moment in the
(bc) plane contradicts with the data available on phonons
and with the crystal symmetry. The second case of coincid- ool & o ]
ing intensities is ruled out by the selection rules if applied to ° o ]
the full data set presented in Figs.(a4and 14b). ° o o ]
The third mechanism could be a magnetic dipole DM E‘ 6.000 o & o " ° o ]
mechanism. By applying the selection rules to the data we ® ° ° o
should be able to determine the orientation of the DM vector.
According to the theory(Sec. Il A) transitions to the o o
mg=—1 andmg=1 states have constant and equal intensi- ]
ties whenB,|D. This condition is satisfied by two data sets, PPV R T T T T T P T
solid triangles H,c), and empty trianglesH,|b) in Fig. 4 30 20 10 o 220 3 4@
14(a), measured witlB||a. We haveD|a, wherel, =1, and
x=b andy=c (see Fig. 1L However the set represented by  FIG. 16. Relative deviationH—E;;)/E of Sto T_ (plotted at
the circles in Fig. 14g) is thelj intensity in the perpendicu- negative field valugsandSto T ; (plotted at positive field valugs
lar configuration,B,L. D (in our notation D|ly||a), which  transition energ)E from the linear fitEy;, .
should have zero intensity according to the the@se Fig. o
2). Also, in theBy|H4||c configurationl > should have non- from T¢ as the absorption line broadens and gets weak and
zero intensities. In the experiment, filled triangles in Fig.therefore the fit, inset to Fig.(B), gives us an exceptionally
14(b), no intensity is observed contrary to the theory. ThereloW critical exponent3=0.039+0.002. _
fore the assumptiod||a is not consistent with the full data _The magnetic-field dependence of the spin gap and the
set. Also, we can prove that neithBlb nor D|c is fully tpplet s'tateg .factor have been measur_ed up t(_)'33 T for one
consistent with the experiment. field orientation,Bg||b, at 4.7 K. The line positions of the
Our conclusion is that the third optical triplet absorption transitions from the singlet ground state to the triplet states
mechanism is a magnetic dipole transition, but cannot b&ith ms==1 were fitted with a linear functiorE;=A
explained by an isolated dimer model with DM interactions. = 9xgBo. The reduced residual of the linear fit is less than

Apparently, a more elaborate model including the interdime-0012 of the transition energy, as shown in Fig. 16. This
DM interactions, is necessary. means that the triplet staggfactor is not renormalized by the

magnetic field as high as 33 T and the spin gap is indepen-
dent of the field up to 33 T. The independence of the gap
value A on the field at low temperature is not surprisffig.

We studied the effect of temperature and magnetic fieldrhe role of the magnetic field is to couple to thermally ex-
on the singlet to triplet transition. The results are shown withcited quasiparticles. At low temperature the number of qua-
circles in Fig. 8. We observe that the intensity of the singletsiparticles is small and hence the effect of the magnetic field
to triplet transition[Fig. 8@a)] follows the intensity of the is negligible.
x-ray-diffraction peak® reported in the same figure. Gaulin  In conclusion, the temperature dependence of the intensity
et al. have shown that the intensity of the x-ray-diffraction of the singlet to triplet transition agrees with the x-ray scat-
peak can be fitted with a single functior-t# over the re- tering intensity temperature dependence. Also, the singlet-
duced temperaturef=1—T/T., in the range from 6 triplet splitting at 8.13 meV has the same temperature depen-
x 1073 to 2x 10" 2 with the critical exponen=0.18. Our  dence as the singlet-triplet splitting of the second excitation
data taken below 30 K are above ¥.10 ! in the reduced branch at 9.8 meV measured by the INS. The 8.13 meV spin
temperature scale, which is unsuitable for the determinatiogap is not altered by the magnetic field at least up to 33 T.
of the critical exponent.

The singlet-triplet splittingspin gap, shown in Fig. 8b), C. Phonons and phase transition
is more rigid than the singlet to triplet transition probability
or the x-ray scattering intensity. The rigidity of the spin gap
has been confirmed earlier by INS measurenfeats! by In Sec. V A 2 while calculating the dynamic DM interac-
high-field electron-spin-resonance measurements, althougfton for E,||c we assumed that the electric dipole moment of
not in the zero magnetic fiefd. The far-infraredSto Tgapis  the c-axis polarized optical singlet to triplet transition comes
in agreement with the INS gap also shown in Figh)8Inthe  from the interaction between the spin system and the
ultrasonic experimefit the measurements were extended68 cm * optical c-axis phonon. An alternative would be that
close enough td . that one is able to determine the critical the 68 cm* resonance is not a phonon but a singlet elec-
exponent for the spin gap. The temperature dependence tbnic excitation. Here we analyze existing data and show
the spin gap, measured indirectly by the ultrasonic probethat the data are not in contradiction with the assumption that
gives the critical exponen=0.34 below the reduced tem- the 68 cm ! resonance is a phonon mode.
perature 102. Although far-infrared measurements of the  There is a series of infrared-actizeaxis modes appearing
gap are direct, reasonable data can be obtained only too faelow 34 K as shown in Fig. 6 and found by other

B/b,E

0
B, (T)

B. Spin gap and phase transition

1. C-axis phonons
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LA 1 likely that the origin of the infrared and Raman modes near
a) 1 68 and 106 cm! is the same, lattice modes or electronic
1.02 | X - excitations.
- % 1 The origin of the low-frequency infrared and Raman
1.00- N B B X n . modes has been under the debate. It has been concluded that
& g O " ] the Raman modes are not lattice vibratiéh&® In Ref. 32
<+ o098 | ,Ib ) o - _ the conclusion was that the infrared modes at 68 and
g | X multiplet _1 106 cm * are zone-folded-axis phonons and it was specu-
Q 0.9 |-component at & =34.5cm 5 " i lated that their peculiail dependence compared to other
8 | A a zone-folded phonon modes is caused by the interaction of
| O 68cm™ o | phonons with charge and spin degrees of freedom. Indeed,
0.94 cm av) . . o
m 106em” o the 68 cm mod_e _and the smglet_to trlplet_ e_xcnatlon at
| 65.4 cm ! have similarT dependencies of their infrared ab-
0.92 |+ :EI e sorption line parameters as shown in Fig. 8. Assuming that
e 4 b) ] 68 and 106 cm® excitations are zone-folded phonons we
1.0041- @ 91.2cm 7 would have to explain why their frequencies depend on Na
A 1456cm’ 1 deficiency and why their frequencies have a different tem-
1002 - A 147.8cm’ &g;P . perature dependence than the other zone-folded modes have.
g - a ggeﬂn 1 We argue that both points can be explained if charge corre-
& 1000} & 8B BB g ? . lations develop inside ladder planes prior to the transition to
g E,b A~ **® | the lowT phase and at the phase transition three-
€ 0998 o 101.4cem® o - dimensional correlations build up between the planes.
8 1 * | Charge ordering within ladder planes precedes the lattice
O 111.7cm A . . . . .
099 F o 1268cm™ o | distortion gnd the_ opening of the spin gap as evidenced by
| - | the vanadium Knight shift and the sodium quadrupolar and
0,994 Lo & 1276m & Knight shifts® The presence of two-dimensional charge cor-
T s 10 15 20 25 30 35 relations in the ladder planes above 35 K is also supported by
the x-ray-diffraction measuremertin «’-NaV,Os there
TX) are modulated ladders with a zigzag charge order within one

FIG. 17. Temperature dependence of normalized phonon freplane?yg'lo It is possible to construct four different planes

quencies(a) b-axis multiplet anct-axis phonons(b) a- andb-axis ~ With the zigzag charge order and when stacked in certain
phonons. sequence along the axis a unit cell is formed compatible

with the observed x-ray structu?é! By applying pressure
groups®*#! The two low-frequency modes, at 68 and the critical temperature is reduced and it has been found that
106 cm 1, are the strongest. The temperature dependence dfie soft axis is the axis?’*® A “devil's-staircase-like” se-
their resonance frequencies plotted in Fig(al#s an order quence of phase transitions to the phases with unit cells in-
of magnitude larger as compared to theand b-polarized  corporating more than four planes in tieedirection takes
modes plotted in Fig. B). Modes at frequencies close to 68 place under pressure larger than 0.5 GP&herefore the
and 106 cm? have been found by Raman spectrosctfy. interactions between layers are important in the formation of
Sample dependence of mode frequencies by few wave nunthree-dimensional correlations.
bers has been observed both in infrdfeahd Ramart? It is Interactions between ladder planes are important for those
known that Na deficiency of'-Na,V,0s affectsT, and in  modes, which are zone folded along thaxis. The primary
samples wherex=0.97 the phase transition is suppressedcandidates are the modes with antiphase movements of at-
completely** A Na doping dependence stddyhas shown oms along thec axis in the neighboring planes, which are
that the frequency variation of Raman modes from sample taaturally the modes that are polarized along ¢hexis. The
sample is related to the Na content of the sample. Ramagraxis modes have the largest frequency shift close to the
measurements on the sample from the same batch as thephase-transition point. The exception is thgolarized mul-
one studied here gave values for the mode frequencies 65tilet (Fig. 9). It is the only none-axis low-frequency mode,
and 105 cm? at 4.4 K. This means that Raman and infraredwhich has a relative change of frequency with temperature
spectroscopy observe different modes since the frequenci¢Big. 17a@)] that is comparable to the-axis modes. Consid-
of infrared modes are 68 and 106 ¢ Neither of the Ra- ering the low frequency of the multiplet it is likely that the
man mode¥*® nor the infrared modeghis work and Ref.  seven lines are a result of the folding obaolarized acous-
41) split in the magnetic field. The comparison of thedle- tical, not optical-phonon branch. To get seven optical-phonon
pendence of the normalized mode frequency has shown thatanches out of one phonon brancte-axis folding is re-
the T dependence of the 65.9 crhRaman mode follows the quired in addition toa- and b-axis foldings. Therefore this
T dependence of the 68 cm infrared mode and the multiplet involves relative movements of atoms in neighbor-
105 cm ! Raman mode follows th@ dependence of the ing layers and is a subject to interlayer couplings.
106 cm ! infrared mode. Therefore, although the infrared Our conclusion is that the-axis phonon modes are most
and the Raman modes do not have the same frequencies, itdgsceptible to three-dimensional correlations between ladder
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600

TABLE II. Rotation angle¢ calculated from the two dipole
model. ¢, (¢p) is the rotation angle of the phonon dipole moment
from the crystala axis (b axis).

wo (cm™h) 101.4 1017 1117 1268 1275

Pp=¢ 32 35
@a=90°— ¢ 37 0 31

90 95 100 105 110 18(a)] and the multiplet at 30 cm' is missing inE,||a spec-
Frequency (cm ') trum (Fig. 5).

We measured the polarization dependence of line intensi-
ties in the @b) plane. The areas of absorption lines between
. 100 and 130 cm?® are plotted in Fig. 1&) as a function of
the anglen between the polarizer and theaxis. The lines at
91 cmi ! were not included since they are two different lines,
one at 91.2 cm! in the a polarization and the other at
1 91.3 cm ! in the b polarization. As the 101.7 cnt line has
zero intensity atyp=0°, E,||b it belongs to the phonon
modes representing the averaged crystal symmetry. It is im-
100 L i portant that the intensity of the 101.4 ¢y 111.7 cni'?,

M 126.7 cmt, and 127.5 cm! lines never falls to zero be-
I ] tweenn=0° and 90°. A similar effect was found by Dama-
scelli et al3! for several infrared-active phonons at higher

®) o b
300 - ® a

200

Area (cm'z)

of A A TS frequencies. The simplest explanation would be that the
30 0 30 60 90 120 zone-foldeda- andb-polarized phonons are pairwise degen-
E,jb n (deg) Ejja erate, but then it is hard to explain why there is a constant

intensity ratio of at least four pairs of low frequency and of

FIG. 18. Polarization dependence of low-frequency phonon ab®ne high-frequency (718 cm) pair of a and b-axis

sorption line intensitiesa) Absorption spectra i,/ a (shifted up- phonons, as is shown below. _
wards by 150 cm?) and E,|b polarizations.(b) Absorption line We assume, as was done in Ref. 31, that there are two

areas as a function of polarization angle in tlab) plane; »=0  regions in the crystal with a symmetry different from the
corresponds td;,||b. Inset to(a) shows the orientation of electric averaged crystal symmetry. In one region the electric dipole
dipoles rotated from thb axis by an angler and — ¢. moment of a phonord, is rotated from the crystdl axis by

an anglee and in the other region by ¢ as shown in the
inset to Fig. 18a). The optical conductivity in the first region

lanes and therefore their dependence is different from . . .
P P is o1(¢) =aE2d’cos(¢— 7), wherea is a constant indepen-

other low-frequency phonon modes. We assign the 68cm . :
] y P g dent of angular parameters.is the angle between theaxis

_1 . _ - —
(and 106 cm”) infrared-active mode and the 66 cih(and and the electric-field vector of lighg,. The conductivity in

71 - _
105 cm *) Raman active modes to the zone-folded phononsfhe second region iel(—cp)zaE§d2c0§(<p+ 7). Since the

o o N phonons are independent in the two regions the total ob-
2. Polarization dependence of line intensities served conductivity is oy=0(¢)+0o1(—¢)=1,c087y

In NaV,Os the a- and b-axes are not equivalent and one *1aSin*s, where |,=2aEfd’cos'e and |,=2aE5d’sin’e
would expect the selection rules to apply so that the phonoare the oscillator strengths observed in the experiment in the
active in theE,||a absorption is missing itE;|b spectrum b and a polarizations, respectively. The solid lines in Fig.
and vice versa. In other words, phonons polarized alang 18(b) are the fits of the integrated absorption line areas where

axis should have different frequencies than phonons polaEd. (15) has been used to conve#{w) into o1(w). The
ized along theb axis. results are given in Table Il. Note that two of the absorption

This rule applies well at 40 K(Fig. 5. The strong lines belong to the dipoles rotated from thexis and two to
180 cm * phonon is missing in th&;|a spectrum and the the dipoles rotated by approximately the same angle from the
structure at 140 cm' is missing in theE,;|b spectrum. The b axis. Ihe averaged value of the rotation of the dipole mo-
90.7 cm ! line is present only in th&,||a spectrum. ment is¢=34°*=3°. A similar result,=39°, we obtain for

At 4.4 K this selection rule does not apply to all absorp-the 718 cm® phonon using the data from the Ref. 31 where
tion lines. The 101.4 and 111.7, 126.7 and 127.5tm the given oscillator strength in tHg,||a polarization is 0.021
phonons[Figs. 18a) and § have absorption in both polar- and in theE,||b polarization is 0.014.
izations. The leakage of the wrong polarization through the The two regions with a symmetry that is different from
polarizer is ruled out. For example, the 101.7¢mline  the crystal symmetry can be associated with two types of
present inE4|a spectrum is missing i, ||b spectrumFig.  ladder planes with a zigzag charge order. In Ref. 31 it was
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assumed that the crystal is split into domains with two dif- 15 IR ' ' ' 5]
ferent diagonal charge patterns. Considering the recent x-ray fg;’c“m 3 1
studie&it is more likely that there are no domains and two 160 om™ o "
types of planes exist with different diagonal charge pattern 10 x

instead. The two different charge configurations come from

the way the two neighboring zigzag charge ordered ladders £ 5
are positioned with respect to each other within the plane. A sl ﬁ? 1
shift of every second ladder by one-half of the superlattice % :
constant in theb direction creates two different structures «x 7 ]
where charged stripes of V5~ run diagonal from left to °°
the right or from right to the left in theab) plane!! This
diagonal charge order within a single plane determines the
orientation of the phonon dipole moments. It is possible to
estimate the charge offset=1(1+ 6.)/2 from the center of FIG. 19. Temperature dependence of the normalized optical
the rung knowing the tilt angle of the dipole momenrts  conductivity in Eyjla polarization o1y=[01a(T) — 014(4.4 K)]
Herel is the length of the rung and the charge transfer factoix[ 01240 K)—01,(4.4 K)] ™" at 60 (open circley 108 (crossel

5. is associated with the formal valence of vanadium ions irand 160 cm* (filled circles.

the lowT zigzag ordered phase,#° /2 and V*45+ /2,

The Charge transfer factor depends 0n|y on the amg'éc There are two deriVatiVeIike phonon abSOI’ption |ineS, one
~tane, since the rung length is approximately equal to theat 91.2 and the other at 140 ¢ in the Eyf|a absorption

distance between the nearest-neighbor V atoms along the legPectrum abové_ in Fig. 5a). This line shape, known as the
We get 5.=0.67+0.07 usinge=g. From the analysis of Fano resonance, comes from the interaction of a discrete

INS data the authors of Ref. 14 come to a similar valge, level and a Cof‘t'”““m of staté’’ T_he _Fanp line shaﬁ%
—06. does not describe a normal absorptionlike line shape. To ac-

Our study of phonon modes in the low-temperature phasijgount for an arbitrary line Sh%‘%‘?’ includ_ing th_e Loreptzian
supports the view that the symmetry of the individual ladde Ine, we use an empirical forr_n or t_he dielectric fun.ct|on
planes is lower than the averaged crystal symmetry. In addi€(®) Where the asymmetry is described by the phase
tion it has been found by sound velocity measurenfétisit )
the cg Shear mode couples to the pretransitional charge fluc- _ Qpexp—16)

; . . e(w)=e,+———7—.
tuations of By, symmetry, which correspond to the static wg_w2_|w7
zigzag charge order in the low-phase. There are phonon
modes ina’-NaV,0Os in the low-T phase where the normal (1, is the plasma frequency,. is the background dielectric
coordinates are confined into planes. These modes show tieenstant, ando,, is the resonance frequency of the phonon,
symmetry of an individual plane determined by the zigzagand y is the FWHM of the Lorentzian line a=0.
charge ordering. For other modes the movement of atoms is We did aT dependence study of the 91 thline and the
correlated between the neighboring planes or they are insemvolution of this line withT is shown in Fig. 21. The phonon
sitive to the zigzag charge order and therefore they reflect thine at 140 cm'* is on a steeply rising background. Since the
averaged crystal symmetry. frequency dependence of the absorption background is not

From the analysis of the infrared spectra we conclude thaknown it is difficult to subtract the background reliably and
two types of planes exist with the zigzag charge order wherave did not attempt to evaluate the dependence of the
the charged stripes are aligned approximatelylih0O] or in
[110] directions. The formal charge of the vanadium atoms
forming the zigzag pattern ist+4.17+0.04 and +4.83
+0.04.

® X O

~ XO
X0
X 0
XO
1

0.0 @

T®)

17

6

D. Continuum of excitations and Fano resonances

A broad absorption continuum is observeddi]|a polar-
ization aboveT, that starts gradually below 20 ¢rh [Fig.
5(a)] and extends up to 400 cm (Ref. 31). The change of
the continuum with temperature is correlated with the phase
transition at 34 K as demonstrated in Fig. 19 where normal- 0
ized optical conductivity is plotted for three different fre-
guencies. The continuum absorption at 4.4 K shows a thresh-
old at 130 cm* in Ejla polarization while at lower FIG. 20. Real parts of optical conductivities,, (shaded and
frequencies it is similar to the absorption B|b polariza-  thin line) in E,||a polarization andry, (thick line, E,||b) at 4.4 K.
tion (Fig. 20. It is natural to associate the absorption con-Arrows point to the singlet to triplet resonance at 65.4 ¢érand to
tinuum with an optical excitation of two triplets since the the onset of the absorption continuum at 132 ¢nin E,|a polar-
lowest in energy one triplet excitation is at 65.4 ¢in ization.

Frequency (cm’)
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FIG. 21. Temperature dependence of the 91 trphonon ab- ~§ T °
sorption line inEy|a polarization. Spectra have been offset by § w2 cﬁ
50 cm ! in vertical direction. ol @ Booo0o00g® °©

0 10 20 30 40 50 60

140 cm ! line parameters. The absorption lines were fit with T®)
Eqg. (17). The relation between the real part of the conduc-
tivity and dielectric function isoy(w)=w Im[e(w)]/60, FIG. 22. Temperature dependence of the Fano fit parameters of
where o is in units Q" tcm ! and Eq.(15) was used to the 91 cmi! phonon line:(a) Full width at half maximumy, (b)
calculateo; from the measured absorption spectra. The fitphonon resonance frequenay,, (c) integrated line ared, (d)
parameters are plotted in Fig. 22. The phasg-ig. 22d)] asymmetry parametet. Open circles, 12Qum thick sample; filled
changes from &/2 at 35 K tos at 33 K where the line has circles, 40um thick sample.
the shape of an antiresonan@gg. 21). At 31 K the line has
a derivativelike line shape again, but with a phag2. Also  that the spin-phonon interaction is switched off or is very
the phonon resonance frequeney stays fairly constant at weak at low temperatures is the Lorentzian shape of the
higher temperatures and changes abruptly at 35 K. The lin&40 cm * phonon line.
area S and y have a smoothT dependence around, In conclusion, our data show that there is an absorption
=35 K. At 4.4 K §=0 and the normal line shape is recov- continuum in thea-axis polarized optical absorption that de-
ered. The line widthy [Fig. 22a)] goes down withT and is  velops a gap at Iow. This gap, 130 cm?, is equal to twice
limited by the 0.4 cm? instrumental resolution for thi§  the singlet-triplet excitation energy, 65.4 ch Therefore
dependence study. We know from the higher-resolution meahe absorption continuum can be assigned to an absorption of
surement that the linewidth is 0.2 crhor less at 4.4 K. The a photon with a simultaneous creation of two magnsijzn)
line area[Fig. 22¢c)] has a differenT dependence than other excitations. Two low-frequencya-axis polarized optical
parameters, having a minimum at32 K. S changes sub- phonons at 91 and 140 crhinteract with the magnetic sys-
stantially even abov@&_, by a factor of 2 from 35 to 40 K. tem as evidenced by their derivativelike line shape in the

In this paper we will not present a theory covering thehigh-T phase.
optical conductivity of a system where phonons interact with
a two-particle continuum of magnetic excitations. A proper
theory must account for a microscopic mechanism respon-
sible for the optical absorption continuuthNevertheless, Using far-infrared spectroscopy we have probed spin ex-
some observations can be made based on the empirical fit oftations and phonons in the quarter-filled spin ladder com-
the phonon line shape. The phasthat is related to the Fano pound «’-NaV,0s. The interaction between the spins and
parameter, g~ ‘«tan(g/2), which depends on the strength the phonons is observed in the gapped spin state below 34 K
of the interaction between the phonon and the magnetic sysnd above, in the paramagnetic phase.
tem. TheT dependence of shows that the spin-phonon The zigzag charge order within the ladders in the gapped
interaction weakens aB is lowered below 35 K. The other state is in accordance with the polarization dependence of
reason why the normal line shape of the 91 ¢nphonon at  several infrared-active zone-folded optical phonons. In the
low T is recovered could be vanishing of the two-particle high-T phase twoa-axis optical phonons interact with the
absorption continuum below 130 crh The direct evidence continuum of excitations as manifested by the Fano line

VI. CONCLUSIONS
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shape of phonon lines. At low the continuum absorption is a-axis absorption intensity is observed. The origin of the
gapped with a threshold energy 130 cthntwice the singlet- mechanism responsible for that increase is not clear and ad-
triplet gap, and the interaction between the phonons and thditional measurements above 33 T are required.
continuum of excitations is turned off. To summarize, the optical singlet to triplet transition in
The strength of the singlet to triplet absorption at«’-NaV,Os is dominated by an electric dipole active mecha-
65.4 cm ! is strongly anisotropic. Absorption is strongest nism. We have observed the resonant enhancement of the
when the electric field of the incident light is polarized alongsinglet to triplet transition close to tleeaxis 68 cn! mode.
the ladder rungsHE|a). In this polarization the strength of We described the enhancement of the electric dipole transi-
the singlet to triplet absorption has a weak magnetic-fieldion with the theory of the dynamic DM mechanism and
dependence up to 28 T. liE,|c polarization a strong assigned the 68 cit mode to ac-axis optical phonon. From
magnetic-field dependence of the singlet-triplet absorption ishe analysis of the phonon infrared spectra we concluded that
observed. This field dependence is due to the dynamic DMwo types of ladder planes exist with the zigzag charge order
interaction created by the 68 crhc-axis optical phonon. In  along the ladders where the charged stripes across the lad-
the case of the dynamiC DM abSOI‘ption mechanism th%ers are a"gned approximate'y [rllo] or in [Tlo] direc-
singlet-triplet absorption is electric dipole active and the po+jgns.
larization of the transition is determined by the polarization
of the optical phonon creating the dynamic DM interaction
by the lattice deformation. Using the presented theory we
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