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We report polarized optical reflectance studiesa6fNaV,0Os5 as a function of temperatutd—45 K) and
magnetic field0—60 T). Rung directed electronic structure changes, as measured by near-infrared reflectance
ratiosAR(H)=R(H)/R(H=0 T), are especially sensitive to the phase boundaries. We employ these changes
to map out anH-T phase diagram. Topological highlights include the observation of an additional phase
boundary slightly belowl s, enhanced curvature of the 34 K phase boundary above 35 T, and, surprisingly,
strong hysteresis effects of both transitions with applied field.
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After the discovery of a low-temperature spin-gappedpolarized, as expected for such an anisotropic material; ex-
phase ina’'-NaV,0s, there was intense interest in this com- citations in the rung directiorta) are much stronger than
pound as a possible spin Peief®P material'® Reexami-  those in the chain directiorbj. Electronic features are ob-
nation of the 300 K structure showed, however, that the situserved near 1 eV, between 3 and 4 eV, and above 4 eV in
ation is more comple%.At room temperature, all vanadium both polarizations. The 1 eV structure in taalirection has
ions have a charge of4.5 and form chains along theaxis.  received the most attention and is currently assigned as
Chains are connected by V-O-V rungs. The result is a 1/4¢harge transfer excitation betweefi'vVand \?* on opposite
filled two-leg ladder material with low-dimensional chain sides of a rung? That changes in electronic structure are
character and one spin per ruh§The spin gagSG) opens  sensitive probes of phase boundaries was established by pre-
at Tsg=34 K, as evidenced by an isotropic drop in thevious work on CuGe@ and «’-NaV,Os, where integrated
susceptibility} = The opening of the spin gap is accompa- intensities of reflectance and transmittance ratio features, as a
nied by unit cell doubling in thea and b directions, and function of temperature or magnetic field, display “break-
quadrupling in thec direction’*” According to Lidecke points” at a phase boundaf}***?These inflection points
et al, the low temperature phase ef -NaV,Os also dis- provide a useful tool to locate a transition k-T phase
plays alternating modulated and unmodulated ladder cHainsspace. In CuGeg) the phase diagram obtained in this man-
although Nakaeet al. report a fully zigzig ordered structure, ner is consistent with that obtained with other
with variable temperature charge disproportionafidearly  technique$®*12At the same time, the detailed spectral fea-
NMR experiments pointed out the importance of charge ortures provide microscopic information on the changes which
dering (CO) in this material, as evidenced by botfVand  occur at a phase boundary. In the past, the challenge of ac-
V5* resonance¥ Zigzag CO is the leading candidate for the cessing the high field phase has prevented general extension
low-temperature charge arrangem&tt.More recent NMR  of this technique tax'-NaV,0Os.
experiments have discovered the advent of the charge- In order to provide further information on the electrody-
ordered phase ia’'-NaV,05 at Tco=37 K, slightly above namics of quarter-filled magnetic oxides, we have carried out
the 34.7 K lattice distortion and spin gap formatiSrEarly polarized optical reflectance measurements to probe the high
thermal expansion measurements also discerned twield response of:’-NaV,Os. We use these data to generate
transitions?® The detailed interaction between charge andanH-T phase diagram which shows unusual topology and a
magnetic ordering inx’'-NaV,0Og is not understood at this number of important differences from traditional SP behav-
time, although, because of the larger energy scale, CO iw®r.
expected to dominate. Further, the field dependencesgf High quality single crystals od’-NaV,Os were grown in
[on a field vs temperatureH(-T) phase diagramis anoma-  Orsay by the flux methotf Typical crystal dimensions were
lous and does not follow the expecteld behaviof?*for a  1.65x 2.8x0.25 mm. The high-field optical reflectance mea-
SP transition, at least at low applied field€3-2°The nearly  surements were performed in the 60 T long-pulse magnet at
vertical field dependence @i and the interplay of CO and the National High Magnetic Field Lab in Los Alamos, New
magnetic effects have been cited as reasonsahiaV,0g Mexico. This magnet is powered by a 1.4 GVA motor gen-
should not be considered a true SP material. erator which provides a very lon® seg, user-definable

The electronic structure of’-NaV,0s has attracted a magnet pulse. We elected to use the flat-top field profile, in
great deal of attentioff 3 as have other physical which the magnet is held at maximum figlg0 T) for a full
properties->162333-40The gptical conductivity is strongly 100 ms. The sample resides in a vacuum jacket in the bore of
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FIG. 1. Near-infrared reflectance ratioAR) spectra of
a’-NaV,05 at 31 K polarized in the runga) direction. TheAR
spectra shown here are presented at three representative fields: 60
T/0O T, 45 T/0 T, and 0 T/0O T, illustrating the different optical
response in the three regimes of tHeT phase diagram at this
temperature.

Magnetic Field (T)

FIG. 2. Integrated spectral area @f-NaV,O5 vs applied mag-
netic field at four different temperatures beldwg and one tem-
erature abovd@gg. Solid arrows indicate inflection points in the

the magnet, and data were taken in the range 4 to 45 I{:psweep data; dashed arrows denote the field sweep direction.

concentrating in the regime around the 34 K phase transition.
The temperature was held constant for each shot; the sampterring in the vicinity of the 1 eV excitatiof?. That the 1 eV
was thermally cycled to above 40 K after each magnet pulsexcitation is sensitive to an applied magnetic field is related
to avoid possible hysteresis/fatiguing effects. White lightto the charge transfer from vanadium centers across the
was coupled to the sample via a single 0@ optical fiber, V-O-V rung, which also involves a shift of the spin to a new
and thin-film, in situ linear polarizers selected the desired site. Chain-polarized and higher energy rung-polarized spec-
polarization along the (rung) or b (chain direction. The tral signatures were also observed at the phase boundaries;
reflected light was collected by another optical fiber, dis-we concentrate our analysis and discussion on the rung-
persed in an optically fast 0.3 m spectrometer, and collectedirected near-infrared data because the effects are more pro-
by a high-speed charge coupled deviGXD) camera. Be- nounced.
cause the optical spectra af -NaV,Os is modified in broad In order to quantify the spectral changesah-NaV,0s
bands, a 150 line/mm grating was employed. We covered theith magnetic field, we calculated the spectral area in the
wavelength range from 350 to 1200 nm. Full spectra weravavelength range of interest and plotted it vs applied field.
collected every 2.1 ms throughout the entire 2 sec magnéRepresentative data are shown in Fig. 2. The most interesting
pulse, providing for complete field dependence in a singlespectral changes are in the vicinity of the 34 K transition,
shot at fixed field* A calibrated coil, mounted on the probe, where there are large hysteresis loops in the integrated area
measured the applied field, which was applied perpendiculars field data belovil 5. That inflection points in the optical
to theab plane. response are different on the upsweep compared to the
Small field-induced changes in the polarized optical re-downsweep indicates first-order behavior. Data collected
flectance were studied by calculating reflectance ratiosabove the 34 K transition temperature does not display hys-
AR(H)=R(H)/R(H=0 T), at a number of fixed tempera- teresis(Fig. 2). In contrast, CuGe® shows second-order
tures. Reflectance ratios were measured in 1 or 1.5 K stegsharacter over the majority dfi-T phase space with first
aroundTgg (34 K) and at larger temperature intervals further order behavior only around the critical fielth{=12.5 T) at
away from the transition. We quantified these reflectance ralow temperature, where the spin gap is fully open and the
tio changes with applied field by integrating the spectrallattice distortion is most pronouncéd?® Previous investiga-
area. Inflection points in the integrated area vs field plot wergions of a'-NaV,0s; generally report second-order
used to identify phase boundarieshiT space. Error bars behavior!” although these efforts have not explored thd
on the location of the high-field phase boundaries vary dediagram in the field regime reported here. The thermal ex-
pending on the sweep; we estimate the largest to be on thgansion data are an exception in that two transitions are
order of =3 T on the 30 K point near 60 T; other error bars observed?
arex2 T. Figure 3 displays thél-T phase diagram foe'-NaV,0g
Figure 1 displays the rung-polarized éxis) near-infrared  derived from an analysis of the field dependent optical prop-
reflectance ratios of’'-NaV,0Os at different applied fields. erties. The field dependence B is nearly vertical close to
As in previous temperature sweep data, the electronic stru@4 K, softening only above 35 T. Note that previous 28 and
ture is modified in wide bands, with the largest changes oc30 T determinations of the transition temperature are in gen-
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X weakens rapidly away froffigg, as indicated on the phase
A diagram, making the distinction between the two phases
‘e short-lived and limiting the range of phase space available
for study>° In contrast, the optical signature of the high field
\ phase boundary remains strong within the range of our in-

vestigation(up to 60 T). The curvature is weaker than that in
' CuGeQ,***® but stronger than that previously reported for
£ a'-NaV,0s.1"?* Based upon the three highest field data
o points and the work of Bulaevski and Cr8s& which pre-
o ", dicts H? dependence to the phase boundary, we exiact

: ~0.11. The first-order behavior of thiand the 33 T phase
boundary is unexpected and different from CuGAt® al-
though recent theoretical work proposes a framework under
, , which hysteresis might be understotd.

FIG. 3. Solid symbolsH-T phase diagram o&’-NaV;0s, as |3 symmary, we report polarized optical reflectance stud-
obtained from an analysis of inflection points in th(_a ref_lec_tance rat'cies ofa’-NaV,0s between 350 and 1200 nm as a function of
data on the_ upsweep of t_h_e magnet. Symbol size is intended t?emperature{4—45 K) and applied magnetic fieltD—60 T
allow visualization of transition strength. Open star: 28 T data as . " . . . . . . )
determined by Longet al. in Ref. 29; open squares: data as deter- USINg inflection points in tha-axis near-infrared reflectance
mined by Bompadret al. in Ref. 24: open circles: data as deter- 'atio data, we have identified high-field phase boundaries at a
mined by Schnelleet al. in Ref. 17. Dashed lines show ar?#it ~ number of different temperatures and mapped outHai
(right) and a guide to the eygeft). phase diagram. Highlights include the observation of an ad-

) o 25 20 ditional phase boundary slightly beloWg, enhanced cur-
eral agreement with this dlagra%. ““Two phase bound- yatyre of the 34 K phase boundary above 35 T, and, surpris-
aries are clearly observed in the phase diagram Ofygly strong hysteresis effects of both transitions with
a’'-NaV,0s. That there are indeed two phase boundaries igyjieq field. We hope these experiments will spur comple-
supported by the spectral area vs field data in Fig. 2. Her entary magnetization and NMR studies @f-NaV,Os in

two distinct inflection points are seen in both up- and down-, he future

field sweeps; the position of these breakpoints changes with '

temperature, indicating that they are characteristic of We are grateful for financial support from the Materials

a’-NaV,0s and not an experimental artifattThe low-field ~ Science Division, Basic Energy Sciences at the U.S. Depart-
boundary in Fig. 3 separates two phases directly b&lgw; ment of Energy under Grant No. DE-FG02-99ER45741. The
it saturates near 33 T. This structure is reminiscent of, bulNational High Magnetic Field Laboratory in Los Alamos,

different than, the critical fieldH.) boundary that separates New Mexico, is supported by the National Science Founda-
dimerized and incommensurate phases in traditional SBon, the State of Florida, and the Department of Energy. We
materials’® The optical signature of the 33 T boundary thank Bill Moulton for useful discussions.
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