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We have made an angle-resolved photoemission study of a one-dimensional Mott-Hubbard insulator
NayosV20s and found that the spectra of the 3 lower Hubbard band are strongly dependent
on the temperature. We have calculated the one-particle spectral function of the one-dimensional
t-J model at finite temperatures by exact diagonalization and compared them with the experimental
results. Good overall agreement is obtained between experiment and theory. The strong finite
temperature effects are discussed in terms of the existence of the “Fermi surface” of the spinon band.
[S0031-9007(98)08296-9]
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The most striking and nontrivial theoretical prediction as ~120 K. Dispersive features of \3d character in
for 1D strongly correlated systems is the spin-chargehe lower Hubbard band were found to be dramatically
separation [1]: The degrees of freedom of an electromlependent on the temperature. In addition, we made a
are decoupled into elementary excitations of spin and¢omparison with theory and confirmed that the observed
charge called “spinon” and “holon,” respectively. Angle- finite temperature effect is due to a strong correlation
resolved photoemission spectroscopy (ARPES) is a poweffect rather than the simple thermal broadening.
erful technigue to study the spin-charge separation: Kim Recently Na¥Os has widely aroused much interest as
et al. [2] performed pioneering ARPES work on the 1D a quasi-1D quantum-spin system. Crystallographically,
charge-transfer insulator SrCu@nd found that the spec- it is still controversial whether the V atoms in VO
tra agree well with the theoretical one-particle spectra opyramids running along thg axis of Na\LOs are mixed
the 1D ¢-J model with realistic parameters, identifying valent (V":V>* = 1:1) [6,7] or uniform valent (V")
such spinon and holon excitations. We subsequently inf8]. In the former case, this compound can no doubt be
vestigated whether the same scenario is applicable for mgarded as a half-filled chain [7], while in the latter case
1D Mott-Hubbard-type insulator NaXDs [3]. it is viewed as a quarter-filled ladder system [8,9]. At low

Strongly correlated systems are often characterized bemperatures around or below its spin-Peierls-like (SP)
the presence of a characteristic low energy scale in spitgansition temperaturel'sp ~ 34 K [7], the difference
of the large energy scales of bare interaction strengthdetween those two models is significant in terms of the
For the Hubbard model, the relevant low energy scale isharge ordering pattern. On the other hand, the magnetic
set by the superexchange interactibr- 4t>/U (<t,U)  susceptibilityy (7) well aboveTsp is successfully fitted to
rather than the bare interaction parameters, the transféme Bonner-Fischer curve with ~ 560 K [7], indicating
integral ¢, and the on-site Coulomb repulsidi. Since that Na\,Os behaves as a good 1D antiferromagnetic
the photoemission spectrum is a projection of the initialHeisenberg chain in this temperature region. In fact, it
state onto the set of final states, drastic finite temperaturs theoretically supported that it can be mapped onto the
effects may be expected for a temperature change dfD Heisenberg chain [8]. Except that the SP transition
the order of such a characteristic low energy scaleis suppressed [5], the Na-deficientdNgV,Os has almost
Finite temperature effects can be particularly drastidhe same magnetic properties as N@¥ [10]. Though
in 1D systems [4] because of the existence of theemaining an insulator, Na<V,Os is more conductive
“Fermi surface” of spinon excitations. In this Letter, than Na\AOs due to the doped holes.
we present the result of a temperature-dependent ARPES Single crystals of NgsV,0s were prepared as re-
study on NaVOs. While severe charging effects had ported in Ref. [11]. They could be easily cleaved parallel
previously prevented the measurements of Nadbelow  to theab plane. The ARPES measurements were made
~300 K [3], more conductive NgyV,0s [5] enabled using the He | resonance lingi = 21.2 eV) and a hemi-
us to obtain ARPES spectra at temperatures as lowpherical analyzer with angular resolutiari ° and energy
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resolution 80—100 meV. The measurement temperatudeeen normalized to the area of the lower Hubbard band of
ranged fromT" = 120 K (= 0.21J) to room temperature V 3d origin between the binding energieBg) of 0.0 and
300 K (= 0.54J). The measurements were performed for2.5 eV after subtracting the integral background. We no-
severalin situ cleaves, for which we carefully cycled the tice that thek L b cut [Fig. 1(c)] shows a clear tempera-
temperatures of cleavage and measurements in order tore dependence and a weak angle dependence, except for
exclude any extrinsic effects such as surface degradaticaround thel” point (¢ = ¢ = 0°). In addition, the abso-
and contamination. lute intensity at thd™ point was found to be weaker than

Before discussing the 3d band features of our main half of those at$p > 10°. These observations can be ex-
interest, we would like to mention that the £» band plained by the facts that the occupied3¥ orbital hasxy
structure was found very anisotropic: ARPES spectraymmetry lying approximately in theb plane [12] and
with momentum parallel to thé axis (& || ») show rich  therefore that normal emission from this orbital is forbid-
dispersive features while those with momentum paralletlen due to selection rules [13]. We therefore conclude
to thea axis (k¢ L b) have no dispersions, supporting the that the temperature dependence results from the intrinsic
one dimensionality of this compound. These results agregnite temperature effects of the 34,, band [14] and that
well with those of stoichiometric Na)Ds [3], indicating the momentum dependence along thd b direction is
that the Na deficiency has no appreciable influence odue to the matrix element effects of thig, orbital.
the O2p band structure. Furthermore, the2p spectra Figure 1(d) shows the result for tite|| b cut. In order
have no obvious temperature-dependent changes, makitg avoid theI' point where the matrix-element effects
a clear contrast to the remarkable changes of th&dV prohibit emission fromd,,, the k, value was slightly
band described below. offset from theb axis as shown in Fig. 1(b). The obtained

Figures 1(a) and 1(b) show the geometry of the measuret20 K spectra show rich dispersing features. In going
ments. By scanning the momentum in the Brillouin zonefrom k, = 0 to #/2, a single peak centered &tz =
(B2) as indicated, we obtained ARPES spectra along th8.9 eV is split into two features: The splitting becomes
k L b and % || b” cuts as shown in Figs. 1(c) and 1(d), largest ak, = = /2 with the two features located & ~
respectively. Hereaftek, andk, are the momenta along 0.7 and ~1.4 eV. The 0.7 eV peak then decreases in
thea andb axes in units of the inverse of the correspond-intensity in going fromk, = /2 to 7, and only a single
ing lattice constant, respectively. All of the spectra havebroad peak is left aEz ~ 1.1 eV at the BZ boundary

k, ~ 7. Thek, dependence of the spectra betwégn=
0 and 27 is almost symmetric with respect tg, = 7,

(b) *[ L which excludes significant changes in the photoemission
Sl = i e matrix elements between the first and second BZ's. By
% ™ 2r contrast, the 300 K spectra, which agree well with the
(/I S— previous report [3,15], show less pronounced features
— eechon KD T than the 120 K spectra. The spectrakgt= 0 and 7
e . P S become a broader peak with a longer tail towards high
e AR Ns@ binding energies. As for the spectralat ~ 0.57, the
© M peak located aEp ~ 0.7 eV becomes weaker and that at
_______ Am ~1.4 eV becomes stronger in going from 120 to 300 K.
SN | i err | We also performed ARPES measurements at 200 K and
_ : 20“;” confirmed that the changes are gradual as a function
' E% of temperature. These observations are more clearly
e EM recognizable in the intensity plots of Figs. 2(b) and 2(c).
f;: " E g 080] 2o By noting that the finite temperature effects strongly
g .0 > N84 depend on the momentunk E k;), they are clearly not
E % due to simple thermal broadening or charging effects.
ﬂ The following two points may be remarked: (i) In
o N the temperature range studied here, there is no phase
N m : transition in this compound that may give rise to such
252015100500 252015100500 a dramatic change; (ii) the energy scale of the spectral
SRR, el change is not of ordet7 ~ 0.03 eV but of order~1 eV.

FIG. 1. (a) Definition of the take-off anglegp and § of  These phenomena are obviously beyond the conventional
photoelectrons. (b) Measured cuts in the Brillouin zone.pand picture and would reflect strong correlation effects.

S d i o o Spesr v 120 agg O 10 Inerpre the above observations quaia
300 K, respectively. Note that each spectrum is normalize Ively, we have adopted the 1BJ model to calculate

to its area and that the absolute intensities of the spectra netfie one-particle spectral functiofi(k, ) at finite tem-
0 = ¢ = 0° are much weaker than the others. peratures by the exact diagonalization method [16]. As
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FIG. 3. Spectral function of the half-filled 14-site/ model

with J/t = 1/3 at various temperatures. The thick solid and
dashed curves indicate the singularities of the spinon and holon
branches, respectively.
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Momentum kyix Khormantun ik spinon and holon excitations, whose dispersional widths

are ~J and ~2¢, respectively. In this scenario, in the
FIG. 2. Comparison between the experimental and theoreticgjround state, the holon band is empty while the spinon
spectra. Panel (a) shows the ARPES spectra ofedNaOs  band is half-filled up to the Fermi momentun= 7 /2
with the intensity plots in panels (b) and (c). Panels (d)—(fz[z]. The line shape of the “spinon branch” (see Fig. 3) is

[==]
=]

show the theoretical counterparts calculated for the half-fille

14-siter-J model. Herel = 0.05 eV. determined by the band edge singularity of the holon band

whereas that of the “holon branch” is determined by the

i o Fermi edge singularity of the spinon band [19]. At finite
the behavior ofy(T') well aboveTsp indicates, ther-J  temperatures, the spectral weight of the spinon branch at
model is valid as one of the simplest models to descrlb%/t > 1 (w/t < —2) is transferred frond < k < 7/2
this system in the temperature region considered. It May, /D <k <mtom/2<k<m(0<k<m/2). At
be applicable not only to the half-filled chain case [6,7]the same time, the intensity of the holon branch decreases.
but also to the quarter-filled ladder case, where edch | fact, spectral weight is transferred from the spinon
electron is localized in a rung _of two V atoms [8,_9]. IN pranch to a wide energy region, making the spectral
the ladder case, only the half-filled bonding band is takeReatyres less pronounced and more symmetric with respect
into account, because no electrons are in the antibonding, ; — 7/2. In fact, the singularity of the holon branch
band [8]. The quarter-filled ladder can be mapped ontqe to the existence of the spinon Fermi surface is easily
the half-filled chain by taking only the half-filled bond- gmeared out over the entire energy rangeé:ats>T ~ J)
ing band with the empty antibonding band neglected andy finite temperatures of ordgr[4].
by an appropriate modification of the parameteend./ In Fig. 2 we show a comparison between the ex-
[8,17]. In addition, the-J model has the advantage over perimental and theoretical spectra. Figure 2(a) shows

a more realistic Hubbard model in that the former cangyperimental spectra for selected momentum values
treat larger clusters, which is crucial for the discussion obng Figs. 2(b) and 2(c) show the intensity plot in

finite temperature effects. We have calculatdd, w); the E-k plane on the grey scale. Correspondingly,
we show in Figs. 2(d)-2(f) the theoretical spectra at
1 ,BEN . 2 . .
Ak, w) = Eze KN = lereli, N)I T =J/4 ~ 150 K (solid lines) andT = J/2 ~ 300 K
fo (dashed lines) after Gaussian broadening with the width
X 8(w — E} + Ef71), (1) 2.5t and their intensity plots. Here, we have assumed

that + = 3J = 0.15 eV, which is plausible because
whereZ = 3, e PE' is the partition function. Results J = 412/U ~ 0.05 eV andU = 2-4 eV in typical vana-
for a half-filled 14-sitet-J cluster withJ/t = 1/3 at  dium oxides [20]. Comparing 2(a)—2(c) and 2(d)-2(f),
T =0,J/4, andJ/2 are shown in Fig. 3 [18].A(k, w)  overall agreement is satisfactory. In the low temperature
atT = 0 can be intuitively interpreted as a convolution of region " = 120 K or J/4), the experimental shift of
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the peak position betweeh, = 0.0 and0.957 may be partly explained by the theory, which may be expressed as
attributed to the existence of the spinon branch, resultinghe Fermi surface effect of the spinon band.
in the asymmetry of the spectra with respeckte- 7 /2. We would like to thank H. Suzuura, H. Shiba, K. Penc,
Besides, betweeh, = 0.327 and 0.727, there are two C. Kim, N. Kawakami, T. Mutou, and D. van der Marel
dispersing features which may be assigned to the twéor informative discussions. This work was supported
holon branches as reproduced in the theoretical spectrhy a Special Coordination Fund from the Science and
These findings are also substantiated in the comparisohechnology Agency of Japan. One of us (K.K.) is
between Figs. 2(b) and 2(e). Unlike the 1D cupratessupported by a Research Fellowship of the Japan Society
where the intense @p structure obscures the higher for the Promotion of Science for Young Scientists.
binding energy part of the holon and spinon branches
[2], the whole structure of theoretical(k, w) can be
compared with the experimental results of this compound.

In the high temperature regiorf (= 300 K or J/2), ,
both results become broader and more symmetric with[l] E- Lieband F.Y. Wu, Phys. Rev. Le®0, 1445 (1968).
respect tok = /2. As a result, the tendency of the [2] C. Kim et al., Phys. Rev. Lett.77, 4054 (1996); Phys.

. - o . Rev. B56, 15589 (1997).

experimental spectral weight redistribution due to flnltel{l

. 3] K. Kobayashiet al., Phys. Rev. Lett80, 3121 (1998).
temperature is grossly reproduced by the theory as see W] K. Penc and M. Serhan, Phys. Rev.5B, 6555 (1997).

in the intensity plots in Fig. 2. Arounkl ~ 0, agreement [5] M. Isobe and Y. Ueda, J. Alloys Comp@62—263 180

is quite excellent. To this extent, the experimental finite (1997).

temperature effects may be attributed to the existencel6] A. Carpy and J. Galy, Acta Crystallogr. Sect. 8, 1481

of the spinon Fermi surface, which theoretically causes  (1975).

the dramatic spectral redistribution over the entirex [7] M. Isobe and Y. Ueda, J. Phys. Soc. JpB, 1178 (1996).
space with changing temperature. To be more precise[8] H. Smolinskiet al., Phys. Rev. Lett80, 5164 (1998).
however, there exist some discrepancies between theory®] T- Ohama, H. Yasuoka, M. Isobe, and Y. Ueda (to be
and experiment. When the temperature is increased froy _ Published). o .

120 to 300 K, the spectra change more dramaticallyOl !t iS reasonable because the 4% deficiency in Na would
than the theoretical prediction. Furthermore, while the have a negligible effect on the spin correlation because

. . of the short correlation length above T ~ T
temperature dependence is rather well simulated by theory 14 Tsunetsugu, J. Phys. Soc%éﬁg\?%o (1991)]. S

at k, ~ 0-0.32m, at k, ~ 0.57 the feature at about [11] M. Isobe, C. Kagami and Y. Ueda, J. Cryst. Growlid,

Eg = 0.7 eV in experiment loses much of its spectral 314 (1997).

weight in going from 120 to 300 K, in disagreement[12] T. Ohamaet al.,J. Phys. Soc. Jpr&6, 3008 (1997).

with theory. In addition, at abouf, ~ 7 in going from  [13] S. Hufner,Photoelectron Spectroscofgpringer-Verlag,

120 to 300 K, the experimental spectra lose spectral Berlin, 1994).

weight at Ez < 0.8 eV and a longer tail develops on [14] The origin of the weak but finite intensity for the normal

the high binding energy side, unlike the theoretical emission, Wh|ch.shows no temperature dependence, is

spectra. At low temperatures, the decay of a photohole ~ Not clear at this moment, as discussed in Ref. [3].

is probably dominated by purely electronic mechanisms Altemat'vglz' this might lb? atftr'[b‘f;ed to a background as
- . suggested by C. Kinet al. (Ref. [2]).

W.h”e other decay channels may become avallable_ 5] We have obtained spectra in Fig. 3 of Ref. [3] by

higher temperatures. As a candidate, we may consider

g " . . normalizing them to their peak height rather than the
electron-phonon interaction and possible charge disorder, grea |t is noted that the spectra of the more insulating

which may become important at higher temperatures. The  Nga, ,,V,0s spectra were slightly distorted toward higher

difference between theJ model and the Hubbard model Eg due to a weak charging effect even at 300 K.
as well as the degeneracy of the3d orbitals might be [16] T. Tohyama, H. Okuda, and S. Maekawa, Physica (Am-
another origin for the discrepancy. sterdam)215C, 382 (1993).

In conclusion, we have made an ARPES study ofi17] P. Horsch and F. Mack, Eur. Phys. J. 8 367-370
NayosV20s by changing the temperature and found that  (1998). o
a strong spectral weight redistribution occurs in the lowel18] Na vacancies are more sparsely distributed than the cluster
Hubbard band. Also we have calculated the one-particle size used for the exact diagonalization calculation, which
spectral function of the 1D-J model at finite tempera- justifies our quantitative comparison hereafter.
. . 19] H. Suzuura and N. Nagaosa, Phys. Rev.58 3548
tures by the exact diagonalization method. The overaIE

) : ; (1997); S. Sorella and A. Parola, J. Phys. Condens. Matter
agreement between theory and experiment implies thatthe 4 3589 (1992).

spin-charge separation picture is valid in this system. Al{20] K. Morikawa et al., Phys. Rev. B52, 13711 (1995);
though they are more drastic than the theoretical predic-  S. Shinet al., Phys. Rev. B41, 4993 (1990); A. E. Bocquet
tion, the experimental finite temperature effects have been et al.,Phys. Rev. B63, 1161 (1996).
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