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We report polarized optical reflectance studiesadfNaV,Os between 0.5 and 6 eV as a function of
temperature(T) and magnetic field H). The electronic excitations and their polarization dependence are
interpreted according to our extendeddKal tight-binding polarized band structure calculations. Strong bands
near 1 eV in both chain and rung directions are attributed tb-\d transitions. Charge transfer excitations are
estimated to begin near 3.3 eV and have significant strength at 4.4 eV and above. The reflectance ratios,
AR(T)=R(T)/R(T=4 K), measured aH=0 and 28 T, reveal broad polarization-dependent changes
through the low temperature transition, . Integrated intensities iR features exhibit a second-order tran-
sition at 36 K in zero field and at 331 K in high field, consistent with a spin-Peierls aspect to the phase
transition.[S0163-182@09)06347-X]

I. INTRODUCTION V4T and V" in the modulated chains, different from the
aforementioned NMR results.
After the discovery of a low temperatu(€) spin-gapped Although several optical and electronic structure investi-

phase ina’-NaV,0s,1? this compound rapidly attracted in- gations have focused am’'-NaV,Os, disagreements remain
terest as the second inorganic spin-PeiéB8& material. in a number of areas. In the middle infrar@dIR) region, a
More recently, structural studitd have called into question broad continuum between 100 and 2000 cm' (0.01-0.25
the assumed nature of the spin chains and SP difngtand  eV) in the rung-polarized directiéh?° is of disputed
the character of the low transition is now controversid:*®  origin.®?° An electronic band near 1 é/?®was interpreted

In the room temperature structure @f-NaV,0Os, vanadium by one set of authors as phonon-assigtedd transitions
ions have oxidation state4.5 and form weakly-coupled lad- localized on a V™ site?’?°and by others as charge transfer
der chains along thé crystal axis>™® Vv dy,-like orbitals  excitations between 4 and \P* on opposite sides of a
[confirmed by NMR(Ref. 18] interact strongly across the rung?®3°The assignment of a strong 3 eV absorption as the
ladder rungs via the sharedpQ orbital>®*"*®resulting in  Op—Vd charge transfer baRlwas supported by modified
one spin per VOV rung. Since interactions between adjacertDA calculations!®3! but we find evidence for the true ab-
spins are much greater within each ladder than between lagdorption edge in higher energy structures. Calculations based
der chains;®®!the ladders behave liké=1/2 Heisenberg on the recently redetermined 300 K crystal structigieow
linear chains, as apparent in the magnetic susceptibilityhat the lowest-lying band of’-NaV,Os is half-filled 387
above 100 K-'° The opening of a spin gap at the phaseThe insulating nature o&'-NaV,O5 (Ref. 32 is produced
transition (T.~35 K) is accompanied by unit cell doubling by electron localization associated with electron-electron
in the a and b directions, and quadrupling in the repulsion®'"183!Estimated values of the insulating gap in-
direction/?* An NMR study by Ohamat al** showed that clude Qp—Vd charge transfefCT) at 2.7 eV*® rung-to-

the transition involves charge localization, creatifgf\and  rung hopping excitations at 0.7 e/ and ad— d excitation
V5" on distinct V sites. One candidate for the resultinggap at 0.6 e\

charge order is a zig-zag arrangement, which diagonally In order to probe the rich electronic structure of
pairs V** spins located on neighboring chath€®?>=°Such  «'-NaV,0s, we have extended previous optical
transverse coupling motivates a classificatiomr6fNaV,Os measurement§2° to higher energies, and to the low tem-
as an unconventional spin-Peierls matétiaAccording to a  perature and high magnetic field regimes. By combining our
15 K crystal structure study by ldeckeet al,” the low T measurements with extended”¢kel tight-binding band
phase ofa’-NaV,Os is more complicated, with alternating structure calculation®>* we assign excitation features of
modulated and unmodulated ladder chains alongath&is.  the observed conductivity and provide a framework for un-
A bond valence sum analysis of this structrsuggests a derstanding the polarization dependence of the optical results
charge distribution of ¥°* in the unmodulated chains and across a wide energy ran¢@5—-6 e\J. To gain insight into
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TABLE I. Exponents,{;, and valence shell ionization poten-
tials, H;;, of Slater-type orbitalsy;, used for extended Hkel
tight-binding calculationsH;;’s are the diagonal matrix elements,
(xilH®"x), whereH®'" is the effective Hamiltonian. In our cal-
culations of the off-diagonal matrix elementd;; =(x:|H®"x;),
the weighted formula was usddee Ref. 48 c; andc, are the
contraction coefficients used in the Slater-type orbitals.

Reflectance
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Atom Xi Hii gi Cy i C2

V 4s —-8.81 1.697 1.0 ; ; ; ; ;
v 4p -552 1260 10

V 3d —-11.0 5.052 0.3738 2.173 0.7456

O 2s —-32.0 2.688 0.7076 1.675 0.3745

O 2p —-14.8 3.694 0.3322 1.659 0.7448

the microscopic nature of the loW phase, we also examine
changes in the electronic structure®@f-NaV,05 across the
phase transition by polarized reflectance rafidr(T) ] mea-
surements. Finally, since optical electronic structure studie: 4
are a demonstrated means of mapping outHheT phase
diagram of SP materiaf/*" we made high-field K 8
=28 T) measurements dfR(T) to determine the field de-
pendence of T., a common signature of the SP

transition383°

Il. EXPERIMENTAL METHOD

Two high quality single crystals ofx’-NaV,0O5 were
grown by the flux methotf and had dimensions of8x 2
X 0.8 mn?, and 4<2.5x0.4 mn? with the long direction
identified as parallel to the chainb-axis). Measurements of

b Qi ductivity (middle panelg and dielectric constaritower panels of

power reflectancé€R) were performed on a Perkin-Elmer . e .
Lambda-900 optical spectrometer, covering the energy rang® 'Na.VZOS. in the E|la and E|b .pmanzat'ons' The frequency is
0.5-6 eV with resolution between 1 and 3 nm. This systerr%"ven In units 9f eV. The dotted line spectra were taker 300 K
. and the solid line spectra at10 K.

was custom retrofit to accommodate a reflectance stage and
cryostat, and spectra were collected~at0, 40, and 300 K.
Glan-Thompson and Glan-Taylor polarizers were used to se-
lect the response parallel to the chain directi&hi{) or rung
direction (E|a). The Kramers-Kronig(KK) extrapolations
were made as a constant below 0.5 eV andaéabove 5.7 ~10 K reflectance of’-NaV,Os in both polarizations. The
ev. frequency-dependent conductivityr,(w), and dielectric

Small changes in reflectance in the vicinity of the Idw constant,e;(w), determined by KK analysis, are shown in
phase transition were studied by measuring the reflectandbe lower panels. Both are characteristic of a highly aniso-
ratios, AR(T)=R(T)/R(T=4 K), at two constant fields, tropic insulating material. In general, the lossy and disper-
H=0 and 28 T. The sample was mounted in an exchangsive features for the polarization along the rung direction
gas cryostat whose tail fit into the bore of a 30 T resistive(E|a) are more intense, better defined, and occur at slightly
magnet; the applied field was perpendicular to éleplane  lower energies than those polarized in the chain direction
of the crystal. A grating spectrometer, equipped with a CCD(E|b). In o,(w), we find strong low-energy electronic ex-
camera or germanium detector, covered the energy rangstations centered around 1 €0.86 eV inE[a and 1.1 eV in
0.75-2.5 eV. A series of polaroid film polarizers was em-E||b), in good agreement with other;(w) result$® and
ployed.AR(T) was measuredil K steps around in the  with transmittance and ellipsometry data at 308’K*“°Fol-
CCD detector range and at larger temperature steps in tHewing a reduced conductivity region in both polarizations,
lower frequency region of the slower Ge scanning detectorthere occur well-defined excitations centered at 3.2 and 3.9

Extended Huokel tight-binding band structuréEHTB) eV in E||a and E||b, respectively. These are succeeded by
calculations forae’-NaV,Os were carried out using the cen- broader overlapping bands centered at 4.4 and 5.0 &}fan
trosymmetric room temperature crystal structhi@ur calcu-  and by a band at 5.0 eV i||b. The positive slope of;(w)
lations employed double-zeta Slater type orbfteféfor the  above 5 eV implies the existence of additional higher energy
3d orbitals of vanadium and thes2p orbitals of oxygen, as excitations beyond the range of our measurements.
described in Ref. 8. The atomic parameters used in our study To analyze the observed room temperature conductivity
are listed in Table I. of a’-NaV,0g, we examine its electronic band structure cal-

Energy (eV)

Energy (eV)

FIG. 1. Frequency-dependent reflectarfapper panels con-

IIl. RESULTS AND DISCUSSION
A. Polarized optical conductivity and band structure

The top panels of Fig. 1 display the room temperature and
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FIG. 3. Dispersion relationgleft) calculated for thed-block
bands ofa’-NaV,0O;5 along the six wave vector lindsght) parallel
to thea* axis in(a) and parallel to théd* axis in(b). In units ofa*
andb*, the symbols representing the positions of the Brillouin zone
1 are defined a¥"=(0,0), X=(a*/2,0), M=(a*/2,b*/2), andY
el X =(0,b*/2).
Xz 4

PDOS

d-block bands increase in energy ag,<d,,<d,,<d,
1 <d,2_2. This sequence is the same as for the isolated VO
1 square pyramid, the building block of the V-O lattice of
1 a’-NaV,0s.2 Overall features of thel-block bands are in
good agreement with recent first principles calculatibts®
] The d,, bands are split in two becausé*¥/ ions interact
4 strongly across each rufigand as a result, the lowet,,,
band becomes half-filled. The Fermi levglashed ling of
. ' , Figs. 2 and 3 was determined under the assumption that
-12 1-10 -8 -6 a’-NaV,0s is a metal. The actual magnetic insulating state
Energy (eV) of a’-NaV,Os (one spin per VOV rungis represented by
the electron configuration in whictl,,-band energy levels
(b) are singly occupie®*’ Thus, the Fermi level appropriate
for this system is at the top of the lowdy, band, as indi-
FIG. 2. (a) Density of states plots for the room temperature cated by arrows in FIgS 2 and 3. Optical excitations between
structure ofa’-NaV,0Os. The solid line refers to the total DOS and the various states can be divided into two main classes: those
the dotted line to the PDOS for the & orbitals. (b)) PDOS plots  at energies>~4.4 eV, which are Op-block—V d-block
calculated for the W, , d,,, dy,, d,2, andd,>_,- orbitals. Each  transitions, and those<~4.4 eV, which are transitions
interval of the PDOS axis corresponds to 25 electrons per unit cellwithin the V d-block bands. Within the W block, excita-
tions can occur from the lowet,, band(henceforth, denoted
culated by the EHTB method. Figurda? shows the total d;y) to the upped,, band {,,) and fromdjy to each of the
density of stateDOS as a solid line and the projected higher energy W orbitals.
density of state$PDOS for the V d orbitals as a dotted line. In polarized reflectance measurements, the optical absorp-
For simplicity, only the region ofi-block bands is shown; tion involves occupied and unoccupied energy levels having
the Op block is centered near 17 eV. The PDOS plots for the same wave vector aligned along the polarization
the individual Vd orbitals, shown in Fig. @), reveal that the  direction®®*° To understand the polarization dependence of
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o1(w), we compare optical transitions polarized alongahe change occurring abovg; [at the scale shownr, () at 10

; : i ; K looks virtually identical too;(w) at 40 K]. This contrasts
axis (b axis) (Fig. 1) with the energy levels af-block bands : =
along wave vector lines parallel to the (b*) direction markedly with the reduced oscillator strength of?Cud

(Fig. 3. In general, DOS values increase with the flatness o?gnt(;?]r_]zlst's?gtse énngt%?eegﬁthloos\g Ir’an;\i/th%i%gndghee tgtrt]g?
the band, so electronic excitations are expected to be mo :

, - i , e ) ifand, there appears to be a decrease in intensity of the over-
intense in the rung than in the chain polarization, in 900d1apping CT bands with decreasifg(although the proximity
agreement with our conductivity data below4 eV. The  of these features to the KK extrapolation makes this conclu-
d-block bands are noticeably more dispersive in the chaigion less reliable The resulting shift of spectral weight to
direction[Fig. 3(b)] than in the rung directiofFig. 3@] due  the lower energy localized excitations is consistent with the
to linear oxygen-vanadium linkages all along the chains. Inapproach of a charge ordering transition, producing an in-
the E||b polarization, the character of,(w) between 1 and 4 creased localization of charge on vanadium sites.
eV is reminiscent of a one-dimensioraD) band:° consis- We point out that the \—d transitions described in the
tent with the greater band dispersion in this direction. present work are on-rung excitations, chiefly localized within
We assign electronic excitations im(w) based on the the VQ, square pyramid. Furthermore, in the relevayt,
DOS and band dispersion relations shown in Figs. 2 and Symmetry of the idealized rurfd,the A,—B; and A,—B,
Within the V d block, we expect to see fairly sharp featurestransitions, which characterize thel eV dx+y—>dxz and
due to the localized nature of such excitations. The intensg;y_)dyZ excitations, are both symmetry allowgtf® Thus,
features near 1 eV are assigned0§$—>dxz and d:y—>dyz our model of on-rung excitations should be differentiated
transitions. The weak sidebands of thel eV features are from previous interpretations of the1 eV bands, such as
expected due to fine structure in the density of states. Theyng-to-rung hopping, across-the-rung hoppirf§, and
calculatedd,,—d,, transition is centered near 0.5 eV with phonon-assisted—d transitions on a ¥/* site?"*?0On-rung
an onset 0f~0.2 eV. As pointed out by Popow al,®this  excitations tend to have higher overlap amplitudes, and pro-
excitation will be polarized in the rung direction, according vide a better explanation for the strong spectral intensity than
to a symmetry analysis of the idealized VOV rung within the the aforementioned hopping or phonon-assisted transitions.
C,, point group>* In the E||a conductivity, the features clos-
est in energy to the calculated transition are the MIR elec-
tronic band”?® and a low energy shouldéd.64 e\) of the B. Electronic structure changes at the transition

dyy—dy, and d;y_’dyz band. Since each of these has mini-  Figyre 4 displays the zero-field reflectance ratidsR}
mal overlap with the predicted range, we cannot positivelyyetermined fora’-NaV,0s in both a and b polarizations.
identify the d,,—d,, excitations inoy(w). The second These look nearly identical to the high-fie(d8 T) reflec-
strong conductivity band at 3.2 eV in tledirection(Fig. 1) tance ratiognot shown. Consistent with the power reflec-
is assigned as d;“y—>dxz,yz excitation. The 3.9 eV feature tance of «’-NaV,05, AR is strongly polarization-
alongb may also be related to the,,—d,>_> excitation, dependent. Changes iAR occur in wide energy bands
since the dispersion of thi2 ,2-block band is 1D-like and centered at different energies in rung and chain directions.
the DOS should therefore be high at the top of this band. Th&his behavior is distinct from that of CuGeQin which AR
PDOS of thed,2 band is wide and reduced in magnitude features are narrower and appear near the same energy in
compared to the rest of the ¥ block, which explains the both polarizations® These differences indicate stronger one-
lower o1(w) between~1.6 and 2.32.6) eV in E[la (E|b).  dimensionality and a greater modification of the electronic
Charge transfer transitions from the top of thep®@lock  structure ofa’-NaV,0s at the phase transition, in accord
to the bottom of the Wd block constitute the main energy with the charge ordering aspect of that transition, compared
gap ina’-NaV,0s5, and a series of broad overlapping fea-to weaker changes associated with the magneto-elastic tran-
tures is observed in both polarizations of,(w) above sition in CuGeQ. The insets to Fig. 4 show that integrated
~4 eV. First maxima in the CT excitations occur at 4.4 andintensities of theAR bands yield a similafl dependence in
5.0 eV alonga andb, respectively. Using a linear extrapola- both polarizations, the gradual nature of which is typical of a
tion of the steepest leading edge of the absorption, we assigsecond-order transition. This second-order behavior is con-
the optical gap to be=3.3 (3.5 eV in the rung(chain po-  sistent with either a spin-Peierls transitibror an order-
larization, in reasonable agreement with the EHTB calculadisorder transition, such as may occur due to charge
tions (4.4 e\), assuming normal broadening of the gap. fluctuations:’ The similar appearances of zero-field and
This gap value should be distinguished from a previous 3 e\high-field integrated intensities confirm that the second-order
gap assignmenit, which referred to bands that we identify character of the transition is unchanged up to 28 T. To our
(based on a wider spectral ranges Vd,,—d,2_,2, atotally  knowledge, this magnitude of magnetic field is higher than
different type of excitation. The polarized band structures dany previously investigated in this compouifd.
not account for the fact thd|b CT transitions have greater An important signature of the SP phase transition is the
intensity than theE||a transitions and in fact, predict the magnetic fieldH) dependence of . ,%*?which is known to
reverse. Calculation of transition moments might help ex{ollow a quadratic behavior il below a critical fieldH..
plain this discrepancy. The usual mean-field relatiofi,H.~1.5gT./gug, yields
The temperature dependence @f(w) between room H.~40 T, well above the field applied in these experi-
temperature and 10 K is shown in the middle panels of Figments. Hereg= 1.938 forH||c axis®® T,, determined from
1. In both polarizations, thel—d bands become slightly the “knee” of the integrated intensity versiisiinsets to Fig.
sharper and more intense with decreasingearly all of the  4), is reduced from~36 K at zero field to~33+1 K at
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Energy (eV) d,y,—dy, and d,,—d,, excitations shift to slightly higher

energy in the low-temperature phase. A challenge for future
Band structure calculations of the low temperature structure
of a’-NaV,0s will be to reproduce and explain the blue
shifts of these excitations.

FIG. 4. Temperature dependence of zero-field reflectance ratio
AR, for the(a) E[a and(b) E||b polarizations. At the center of the
spectra, the temperatures are, from top to bottdém4, 10, 20, 30,
35, 40, 45 K; at the low energy end, from bottom to tdp: 4, 20,

30, 40, 45 K. The inset for each polarization shows the integrated
intensities of theAR features versus temperature, with the integra-
tion region shown by arrows in the main figure. Empty circles refer
to the zero-field data and solid diamonds to the data taken at In summary, we report polarized optical reflectance stud-
=28 T (not shown. ies of a’'-NaV,05 between 0.5 and 6 eV as a function of
temperature and magnetic field. Electronic excitations deter-
H=28 T. According to standard theory, the transition tem_mined by EHTB electronic.band structure calculat_ions are in
perature of a SP system obeyd (H)/T.(0)=1 good oyerall agreement vy|th the observeq zero-field optical
— a[gugH/2kgTo(0)]2, with the prefactora, equal to 0.44 conductivity. Gregter oscllllat_or s_trengthlln the rung com-
or 0.364%39 We find 0.22< < 0.42, which overlaps well pared to the chain pplarlza}tlon is consistent \Awblqck
with the expected range and allows for a possible quadratif@ds that are less dispersive along the rung direction. The
field dependence df, in contrast with previous determina- Strong frequency-dependent conductivity bands near 1 eV
tions of @ which were as much as an order of magnitude®'® associated with on-rurdj,—d,, andd,,—dy, transi-

smaller than expectéd®® In sum, our AR results for tions. Qo—Vd charge transfer excitations are calculated to
a’'-NaV,0s are consistent with a conventional SP transition,P€9in at~4.4 eV, in reasonable agreement with the experi-
as manifest in the second-order character and field depef?€ntal optical gap, which is estimated-a8.3 (3.5) eV in
dence of T,. The fact that in many other regards the; _rung(_chf_n_r‘b direction, and with above-gap transitions
a'-NaV,0s does not conform to current understanding of andaining significant strength near 4(8.0) eV. Reflectance
ordinary spin-Peierls systénf2132596L6%|early motivates ratios, AR, mea_sured in chain and rung directions, reveal
further high-field studies of this complex material. broad polarization-dependent changes through the 36 K
To gain additional insight into the electronic structure Pha@se transition. Integrated intensities of Ate features as a
changes occurring af,, we have calculatedr;(w) at T function of'T show a secpnd—order type pha;e tr.ansmon at
—40 K for comparison witho,(w) at 10 K, as shown in both zero fl_eld and_hlgh fleld,_and%B K re_duc_:t|0n inT. at
Fig. 5. For this purpose, we combined our 10 K power re-28 T, consistent with a possible quadratic field dependence
flectance spectrum with the reflectance ratilR(40 K) of Te.
=R(40 K)/R(4 K) and made a KK analysis of the result-
ing spectrunf® Although the minute changes in (w) (inset
to Fig. 5 might be suspect if derived from the difference in
the power reflectance, their origin in the reproducible trends Work at the State University of New York at Binghamton
of the reflectance ratios assures that they are real. Aand at North Carolina State University was supported by the
a'-NaV,05 moves into the lowT phase, the low-energy Division of Materials Science, Basic Energy Sciences at the
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