PHYSICAL REVIEW B, VOLUME 64, 165109

Pseudogap formation in four-layer BaRuQ; and its electrodynamic response changes
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We investigated the optical properties of four-layer BaRu@hich shows a Fermi-liquid-like behavior at
low temperature. Its optical conductivity spectra clearly displayed the formation of a pseudogap and the
development of a coherent peak with decreasing temperature. Temperature dependences of the carrier density
n and the scattering rateA6f the coherent component were also derived. As the temperature decreases, both
n and 1/ decrease for four-layer BaRyOThese electrodynamic responses were compared with those of
nine-layer BaRu@, which also shows a pseudogap formation but has an insulatorlike state at low temperature.
It was found that the relative rates of change of bothnd 1/ determine either metallic or insulatorlike
responses in the ruthenates. The optical properties of the four-layer ruthenate were also compared with those of
other pseudogap systems, such as Higleuprates and heavy-electron systems.
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[. INTRODUCTION nating electronic properties.Compared to the cases of

HTSC and HF systems, our optical spectra show clearer elec-

Recently, ruthenates have attracted a great deal of atteffodynamic response changes with pseudogap formation. It
tion due to their physical properties, exhibiting many unusuatvas found that & BaRuG; can have a metallic state in spite
characteristics of strongly correlated electron systems, suchf & large reduction of carrier densityafter the pseudogap

as unconventional superconductivity in layered perovskité’vas formed. This unusual behavior is found to be closely

: S related to a very significant reduction in71/It was also
SrRuQ, (Ref. 1) and bad metallic non-Fermi-liquid behav- suggested that the pseudogap formation could be related to

iors in perovsk|te_$rRu5)2 AIthqugh the ruthenate SYSteMS giryctural characteristics of the layered compound, which is
belong to 4l transition metal oxides, electron-electron inter- shown in Fig. 18).1° In the 9R structure, three adjacent
actions are expected to be important in determining theiRuQ, octahedra have face sharings, which result in quasi-
physical properties. More recently, we reported a pseudogagne-dimensionallD) metal-bondings along theaxis. Then,
formation in the nine-layer rhombohedral R BaRuG, a 1D-like instability fluctuation, such as a charge density
which can be considered as another kind of pseudogawave (CDW) instability, could contribute to the pseudogap
systent formation.

Pseudogap phenomena have been intensively investigated To obtain further understanding, it would be useful to in-
in some strongly correlated electron systems. In Higlsu-  vestigate electrodynamic responses of ruthenates with simi-
perconductoréHTSC), which are 3 transition metal oxides,
pseudogap features with a reduction in the density of state at () SRBaRuO; () 4H BaRu0s
the Fermi energyN(Eg) were observed especially in the 1
underdoped regime. These features have attracted lots of in- N
terests due to their possible connection to the mechanism for — V
the highT . superconductivity.® In somef-electron systems, Ru0s
such as URt(Ref. 7 and UPdAI5,2 pseudogaps were ob- ['
served as well as heavy fermighlF) behaviors, which are 4 } —
due to the large enhancement of the effective nra$sof

quasiparticles. In both systems, the scattering rater 1ff \é g %

quasiparticles was found to be suppressed with pseudogap
formation. Although many investigations have been per- 01 ‘5’:

formed, the basic mechanisms of pseudogap formation have
not yet been fully understood.

Our early observation of a pseudogap R BaRuG; sug- FIG. 1. Schematic diagrams of two crystallographic forms of
gests that the ruthenate could be another material with fascBaRuQ;: (a) 9R phase,(b) 4H phase.

a
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lar crystal structures. Bulk BaRuQs known to have three 800 - T y T - T
crystal structure$®=2(i) the 9R, (i) the six-layered hexago- I 4H BaRuOs |
nal (6H), and (iii) the four-layered hexagonal K struc- I ]
tures. The ® BaRuG, phase has been considered the most 600 |

stable bulk form. On the other hand-iéand 4H BaRuG; are
known to be difficult to synthesize reproducibly under ordi-
nary conditions. Recently, some of (g.K.L. and C.B.E)
successfully synthesized epitaxidhBaRu03 films:>14As
shown in Fig. 1b), 4H BaRuQ, has two adjacent RuQ
octahedra with a face sharing, so the quasi-1D metal bonding

p(T) (uirem)

o~
E 125} -
= /

can also occur along the axis. However, the 1D-like con- 2007

tribution in the 4H compound will be weaker than that ifR9 . N |

BaRuQ. | 0 2500z 1000 1
In spite of the structural similarities, some physical prop- o 1(')0 . 2(')0 LG )3(')0

erties of these layered compounds are quite different. T (K)

While the dc resistivityp(T) curve of R BaRuG, shows a
crossover behavior from a metallic to an insulatorlike state at g5 o T-dependenp(T) curve. The inset shows the line&?

a low temperatureT), 4H BaRuQ remains in a metallic  gependence of(T) curve at lowT. The dotted line represents a
state down to very lowl. It is known that BaRu@systems  |inear T dependence at high.

are nonmagnetic and are expected to have Pauli paramagnet-

ism. AsT decreases, the magnetic susceptibilityf’) of 4H L 5 ) )
BaRuQ, increases slightly, however, that ofR9BaRUG, cal resistivitypyo=3hale :66099m,wherea is a lattice
decrease® These differences in the physical properties carconstant of theab plane. So, the lineall dependence of

originate from subtle differences in the dependence of P(T) near the room temperature region might be related to
electrodynamic quantities, such asl/z, andm* . However the behavior of a bad metal. On the other hand, as shown in

there are no systematic studies on these intriguing quantitid3€ Inset of2Fi_g. 2, thed’ dependence 0h(T) at low T can
of 4H BaRuQ,. scale withT<, indicating that 4 BaRuGQ, has a Fermi lig-

In this paper, we report the optical properties off 4 uidlike behavior. This strong Fermi liquid behavior can be
BaRuQ,. lts op,tical conductivity spectrao;(w) show evidently distinguished from the insulatorlike behavior & 9

pseudogap formation and the development of a cohereff@RUG below 110 K.
component in the far-infrared region. With the pseudogap
formation, n decreases and d/becomes suppressed. The
strongefT dependence of Awvill make this material metallic o o
down to very lowT. From these observations, we suggest Near-normal incident reflectivity spectr&(w), of the

that the 1D-like instability fluctuation could also be involved a@b-plane were measured in a wide photon energy region of 5
in 4H BaRuQ;, but weaker than that in@ BaRuQ,. TheT ~ meV ~30 eV with T variations. We used a conventional
dependences of the electrodynamic quantities will also bé&ourier transform spectrophotometer between 5 meV and 0.6

discussed in order to explain the differencespifT) and  €V. Between 0.5 eV and 6.0 eV, we used grating spectrom-
x(T) in the layered BaRuQcompounds. eters. Above 6.0 eV, we used the synchrotron radiation from

the normal incidence monochromator beam line at Pohang
Accelerator Laboratory. To eliminate measurement errors

B. Reflectivity measurements

Il. EXPERIMENTAL RESULTS due to the reflected light from the film/substrate interface, we
] o used a very thick film whose thickness was about 4.
A. Sample preparation and characterization Then, the penetration depti$~c/\27wa, of a light at

A high quality 44 BaRuQ, epitaxial film was fabricated 100 cm ! was estimated to be about Quén at 300 K. Since
on a SrTiQ(111) substrate using a 90° off-axis sputteringthe film thickness is larger thad, the contribution of the
techniquet® X-ray diffraction and transmission electron mi- reflected light from the film/substrate interface could be neg-
croscopy studies revealed that the film is composed of singlégible. So, the strong phonon absorption peaks due to the
domains ofc-axis 4H structures with an in-plane epitaxial SrTiO; substrate could not be observedR(w).
arrangement of BaRu{2110]|SrTiO;[110]. Most mea- Figure 3 shows-dependenR(w) of 4H BaRuG in the
surements reported in this paper were performed to probfr-infrared(IR) region. The inset of Fig. 3 showR(w) of
properties parallel to the film, name&b-plane responses of 4H BaRuG, in a wider frequency region. The level B{ w)
4H BaRuG. at 300 K is high in the far-IR region in agreement with the
The p(T) curve was measured using the standard foufact that it is in a metallic state. In additioR(w») below
probe method. As shown in Fig. 2H4BaRuQ, has a metal- 200 cmi! are highly consistent with predictions of the
lic state down to 4 K. Above 220 Ko(T) seems to have a Hagen-Rubens relationR=1—(2wp/m)*2® However,
linear T dependence, which has been often observed in othé®(w) show an interesting crossover behavior: Bsde-
bad metallic materials, such as SrRu@ 4H BaRuQ,, the creases, the reflectivity becomes strongly suppressed in the
room temperature resistivity is comparable to the Mott criti-region between 200 cit and 500 cm®. This crossover be-

165109-2



PSEUDOGAP FORMATION OF FOUR-LAYER BaRuQ .. PHYSICAL REVIEW B 64 165109

1.00 , ,
£ 2000
£
o
|
0.90 |- E 1500
o 3
N~
5
1000
0.80 |-
3000 4p————T—— T
" 1 N . .
0 500 1000 .
Wavenumber (cm™) 2500
£
FIG. 3. T-dependenR(w) below 1000 cm?. In the insetR(w) L 2000Y:-.
at 300 K in a wide frequency range is shown. '9/ '
. . - - . . . [ ..
havior is different from a typical metallic response, indicat- 3 1500
ing that 4H BaRuQ; could have an unusual metallic state. ©
1000 |-
IIl. DATA ANALYSIS AND RESULTS o 00 200 S0 400 =00

-1
A. Optical conductivity spectra Wavenumber (cm™)

The Kramers-Kronig(KK) transformation was used to  FIG. 5. (a) T-dependenio;(w) below 3000 cm?. w, repre-

calculate complex optical conductivity spectrar(w) ~ SENS the pseudogap valu®) oy(w) below 500 cm* shown in

_ : ; detail. The solid triangle, solid circle, and solid square represent the
=0(w)—i(w/dm)e(w), from the experimentalR(w). ! .

Here, ¢,(w) represent real dielectric function spectra. Forc;C ((;()T())ba:;ii% dﬁ‘?c?r’nalzg i%?befsfii?fl)gl;;i dotted lines are
the KK transformationR(w) in the low frequency region ! 9 P '

were extrapolated with the Hagen-Rubens relatfothe  ghow a Drude-like behavior with a very large value of.1/
calculatedo; (w) were found to be consistent with the eX- A5 T decreases, however, the spectral weight below
perimentalo; (w) independently obtained by spectroscopicsgg cni! becomes suppressed and the spectral weight near
ellipsometry techniques in the visible region. These consisgng cni? increases, forming a gaplike feature. This feature
tencies demonstrate the validity of our KK analySisthe s gifferent from the formation of a normal energy gap in an
details of this analysis are published elsgwﬁére. insulator (or a semiconductgy where the spectral weight in

Figure 4 showsT-dependentr,(w) obtained through the  the gaplike region should vanish completely. The remainder
KK analysis in a wide frequency region. The strong peak abf the spectral weights in the gaplike region indicates that a
550 cm ! and several weak peaks below 500 chare due pseudogap is formed in this material.
to transverse optic phonon modes. At 3000K(w) seems to Figure a) shows the pseudogap formation ofH4
BaRuG; in more detail. One of the most important experi-
mental facts is that the sum rule is satisfied: wigw) is
integrated up to 1.0 eV, the optical strength remains nearly
constant. This means that most of the missing spectral
weights in the gaplike region are transferred to higher fre-
quencies, especially near 650 tha=0.08 eV.[From now
on, let us call the peak frequency position @f(w) the
pseudogap positiong,.] Another interesting fact is that
most of the spectral weight gain occurs neay. Above
1400 cm '}, the T dependence of the spectral weight changes
is quite small. The significant spectral weight gain just above
0 bt S et ] w, is also different from that of the normal energy gap for-

10 " 10 e mation, where the missed spectral weight is redistributed in
avenumber (cm™') . .
much wider frequency regions.

FIG. 4. T-dependentr; (w) of 4H BaRuGQ, with a logarithmical Note that the pseudogap is formed in the metallic region,
scale of the bottom axis. The dotted lines argw) obtained from  judged fromp(T). This fact is also related to a clear devel-
the Hagen-Rubens extrapolations. The arrow represepisthe ~ opment of a strong Drude-like component in the far-IR re-
pseudogap position. gion, as shown in Fig.(®). As T decreasesr;(w) show that

4000 rrrrrey e e
3000 |
2000 |-..

1000 |-

oy(@) (@'em™)
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a coherent Drude-like component becomes more evident: the 8000 : T : T y
value of oy (w) in the low frequency region becomes larger ! 4H BaRuO;
and the width of the coherent component becomes smaller. ~ 6000
The concurrent development of the pseudogap and coherent 'c
peak was also observed ilRBaRuQ;,*> however, such phe- N 4000
nomena are more clearly seen in thd 4ompound. 3

¥

2000 ]

B. Inapplicability of the single component analyses

The optical responses of free carriers are usually analyzed
in terms of the simple Drude model:

| (®)
~ _ _i _w_g T 1 \{‘
0'((1))—0'1((1)) |47T81((1))— A (1_|Tw)1 ( ) 4_“ — 10 7]

!
!
]
[=]
RRRX

where the plasma frequencgqp:\mwnez/m*, represents
the spectral weight of free carriers. However, we cannot ap- 2 1 .
ply this formula to explain the measureqw) up to 1.0 eV. "1
The room temperature data, shown in Fig. 4, might be ap- '|_;-.,1!‘ k e T
proximately explained in terms of this formula. Then, the 05 050 5050 3000
value of 1/ could be estimated to be about 4500 ¢mThis Wavenumber (cm™")
value is so large that it seems difficult to explain the metallic
state of this material. On the other hand, as shown in Fig. FIG. 6. T-dependenta) 1/7(w) and(b) m*(w) derived from the
5(b), the apparent ¥/ at 10 K for the coherent component extended Drude model analysis wiih,=2.3 eV.
falls below 100 cm?, much lower than the estimated value
at room temperature. This suggests that all of theperature, the coherent component in the far-IR region and
T-dependent(w) up to 1.0 eV cannot be explained in terms gaplike_ feature neaw. were fitted wit.h the simple Drude
of the simple Drude model. model in Eq._(l) and the Lorentz 0250|Ilator model, respec-
In many strongly correlated systems, optical responses dively. The fitting results for 1/ andw;, of the coherent com-
quasiparticles have been explained in terms of the frequencygonents are shown in Fig. 7.
dependent Scattering rate 7—“_[0) and effective mass en- It is noted thata)g, which is proportional to the spectral
hancemenim* (w).*® Under such assumptions, the optical weight of the coherent component, is reduced as the
responses can be described in terms of the extended Drugiéeudogap develops. In general, the reductiomptan oc-
model: cur either by a reduction af or by an enhancement of*.
For approximate estimation efandm*, we used the three-
- wf) m(w) dimensional free electron gas model. In this modgl,
o(w)=7— I om*(a) : (2 «m*n® and w?«n/m*. With the previous reported values
[1-Tom™(0)7(w)] of x(T),'® the free electron gas model provides=8.3
By using Eq.(2), both m* () and 1k(w) can be derived Xx10°*cm™® and m*/m,=36 at 10 K for 44 BaRuQ,
directly from the experimental(w). For most pseudogap SO its mean free paﬂmqn be estlmatedzto bfagabout 19 A. At
materials, such as HTSC and HF systems, their optical re300 K, the model provides ~1.2x10°2 cm™* andm*/m
sponses have been interpreted in terms of this ntifel. =27, wherem, is a bare electron mass, savill be about
However, we found that it was difficult to extend such single4 A.** This value is comparable to the lattice constant of the
component analysis to theH4 BaRuG, case. Figures (@)
and b) show 1/(w) andm* (w) obtained from an analysis ' T
based on the extended Drude model, respectively. hear [ 5107
both 1#(w) and m*(w) do not make sense. Especially, ] Vi /i"

500 r

2
m* (w) becomes negative in the frequency region negy -~ | oo
which is inadequate from a physics point of view. Therefore, 'g 300 7
the single component analysis based on the extended Drude < {/%
model cannot also be applied to this layered ruthenate L 20005 & ¥ ,/’
system. - 1 )!,f

w,” (cm™?)

100 |-

/r
| &

C. T dependence of electrodynamic quantities using the two
component analysis %5 — 350"
Temperature (K)

For quantitative analysis of th@-dependent coherent

component, we fitted the complex optical conductivitfe) FIG. 7. T-dependentv) and 1f of the coherent component in
up to 1.0 eV using a two-component model. At each tem-4H BaRuQ,
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ab plane, i.e., about 5.7 A, which could be related to its baddifferent® These differences should be explained in terms of
metallic behavior, mentioned in Sec. Il A. subtle differences of thd dependences in the electrody-
In spite of the reduction of, 4H BaRuQ, has a metallic hamic quantities.
state down to lowT. This unusual behavior can be explained ~While 4H BaRuG, remains in a metallic state down to a
by T-dependent changes ig and 1f. As shown in Fig. 7, Very lowT, thep(T) curve of (R BaRuQ; shows a crossover
1/r might decrease significantly. According to the Drudebehavior from a metalli¢i.e.,dp/dT>0) to an insulatorlike
model, dc electric resistivity, is inversely proportional to  State(i.e., dP/dT2<0) around 110 K. Sincepac IS 2|nversely
“’123 and 7. So, the relative changes ‘1;,’2J and 1f are impor- pr_oportlona_l towy and r,_the relat_lve changes i@y an_d 1
tant for determining a metallic or an insulatorlike behavior inWill determine a metallic or an insulatorlike state @fT).
pac- If the decrease in #/is larger than the reduction of a  FO" 4H BaRuQ, the decrease in #/is larger than that for
metallic state can be induced. The stroRgependent rapid @, at all temperatures, as shown in Fig. 7. 8p/dT>0 for
decrease in 1/ can explain the metallic behavior oft4  all temperatures. On the other hand, fdR 8aRuQ,, the

BaRuQ,, which might be closely related to the origin of the reduction in 1f dominates and leads to metallic behavior
pseudogap. above 110 K. However, at oW, the reduction irwf, is quite

considerable and the inelastic relaxation time can become
very large, so the disorder-induced scattering starts to play an

IV. DISCUSSION important role. Then, the decrease in-r becomes smaller
o _ than that for ws, resulting in the insulatorlike state of
A. Fermi liquid behaviors of 4H BaRuO; dp/dT<0.

Contrary to the ® compound, 4 BaRuQ shows a As T decreases, the magnetic susceptibijyT) of 4H
Fermi liquid behavior in a lowF region. As shown in the BaRuQ; increases slightly, however, that ofROBaRuQ
inset of Fig. 2, itsT dependence gf(T) at low T can scale decrease¥ It is known that both of the BaRugsystems are
asT?, indicating that 4 BaRuG, has Fermi liquid behavior. nonmagnetic and are expected to have Pauli paramagnetism,
The fact that theT? scaling is valid in a relatively largé-  whose contribution is proportional to*n*3. Note thatw?
region suggests that the electron-electron interaction is quiten/m, and that the changes iwf, of the 4H and R
strong in this layered ruthenate.From the relationp(T) ~ BaRuQ, are about a factor of 2 and 30, respectively. The
=po+AT2, Ais found to be about 22910 2uQ cm/K?. larger change inug of 9R BaRuG,, which is due to a sig-
This value is comparable with that found by a previous renificant reduction im, results in a decrease j(T). On the
port on the 4 BaRuQ, single crystaf® other hand, for # BaRuQ, the subtle competition between
We can estimate a linear coefficient in the specific heat weakly T-dependentn(T) and m*(T) can enhancey(T)
to be about 55 mJ/mol¥ using the universal relation, slightly.
Aly?=1.0<10 °uQ cm (mol K/mJ}.22 A similar value of
vy can be obtained from a reported value {T)=7
X 10~* emu/cni within the standard free-electron mod&l. C. Comparisons with other pseudogap systems
It is interesting to note that these values are comparable with
those of SyRuQ, with a superconducting ground statg (
=9.7x10"* emu/mol andy=39 mJ/mol ¥ for K).! Com-
pared with the corresponding values for a typical Pauli para
magnetic metal(e.g., y=0.7 mJ/molK for Au; x=2.6
% 10~°% emu/mol for K),?* the values ofy and y might be
greatly enhanced. For JRuQ,, the value ofy(T) is signifi-
cantly about 15 times that expected from the standard fre
electron model withn=2.0x10?2cm 3 and m*=2m,.

This enhancement has been explained by ferromagnetig aq pheen observed in the insulating state. On the other

flgctuatmnsz.s Judging f“’”_‘ the case of ZCRUO“' It IS pos- hand, BaRu@ systems show the clear pseudogap formation
sible that the ferromagneyc fluctuation ngéght also. be rglateqln o1(w) of the metallic state. The features due to the
to the large value ok(T) in 4H BaRuQ.™ To clarify this o6 dogap are so distinct that the extended Drude model
possibility, further investigations are necessary. analysis cannot be applied in the frequency region near
which is addressed in Sec. Il B.

Pseudogap formations im;(w) have been also observed
in some HF systems, such as YRRef. 7 and UPdAI;.8

The optical spectra of 4 and R BaRuQ; show the However, the very small pseudogap sizeQ.01 eV) and the
pseudogap formation and the development of the coheremixtremely small spectral weight of the coherent mode hin-
components. A§ decreases, both of the ruthenates show alered detailed analysis in connection with development of
reduction incu,zJ and suppression in 4/ (Refer to Fig. 7 of the pseudogap. For HF systems, the electrodynamic quanti-
this paper and Fig. 3 of Ref.)3Although the general trends ties were analyzed by the extended Drude model, assuming
in the T dependences of the electrodynamic quantities ar@o change im with the pseudogap formation. With decreas-
similar, some of their transport and magnetic properties aréng T, 1/7(w) is also suppressed amd* (w) becomes en-

In the case of underdoped HTS&,;(w) in theab plane
shows only weak spectral weight changes, so it is not easy to
address the pseudogap formation based solelyrgiw).
However, when the extended Drude model is used(dl)
shows a strong suppression in the low frequency region,
which has been identified as a signature of the pseuddgap.
On the contraryg(w) along thec axis exhibits a suppres-
§ion of the spectral weight in the far-IR region, which can be
easily interpreted as a feature of the pseuddfapowever,

B. Comparisons between # and 9R BaRuO;
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TABLE I. Summary of the changes of electrodynamic quantities with pseudogap formation in the various
pseudogap systems.

HTSCG HF system$ BaRuG,
Anisotropy strong weak weak
n constant constant decrease
17 suppressed strongly suppressed strongly suppressed
m* nearly constant largely enhanced nearly constant
Pseudogap origin hybridization 1D CDW fluctuation
Pseudogap siz&eV) ~0.1 ~0.01 ~0.1

Pseudgap feature i, () weak strong strong

8Reference 29.
bReferences 9 and 30.

hanced significantly. The enhancement mf (w) in the furthermore, the reduction in 4is suggested to occur due to
far-IR region has been explained by a strong renormalizatiothe collapse of a scattering channel with the formation of the
of quasiparticles due to interactions with localizéd CDW state’’

electrons, which could be the origin of HF behavior. Onthe  Although the metallic state of the BaRyGystems is
other hand, our BaRu{s a nonmagnetic material with rfo  similar to the case of other static density wave systems, the
electrons. In contrast to the case of HF systems, a reductiamuthenates have quite distinct features. First, in bdthahd

in n is clearly observed with the pseudogap formation, and®R BaRuQ, no static density wave formation has been ob-
the single component analysis based on the extended Druderved even down to very loW.*® Second, the ruthenates do
model is not adequate to describe the spectral weightot show any strong anisotropy in their physical properties.
changes. As shown in Sec. Il C, the two component modeThird, the spectral weight transfer with the pseudogap for-
can describe its spectral weight changes better. The comparination is quite similar to that of the 1D-like CDW ordering.
son in the electrodynamic quantities between BaRa®d This strong 1D-like pseudogap feature is also distinguished
other pseudogap materials is summarized in Table I. from the 2D CDW materials such a$i2TaSe.>® Fourth, the
pseudogap positions show no significdrdependent behav-
ior, so it does not follow the BCS-like behavior for the den-
sity wave gap. Finally, a strong-dependent suppression of
1/7 occurs with a reduction im with pseudogap formation.

In our earlier paper on R BaRuQ,, we argued that the These distinct features, which could be related to the lack of
origin of the pseudogap in the ruthenate should be the CDWhe long-range ordering at any finite temperature, might be
fluctuations. Due to the quasi-1D metal-metal bondingselated to the quantum critical point fluctuation near a metal-
along thec axis, shown in Fig. 1, such 1D instability fluc- insulator transitiori’ Further investigations to probe this
tuations can make a contribution. There are a few other expossibility are highly desirable.
perimental facts which support this suggestion. First, BalrO
isostructural with  ® BaRuG,, shows a static CDW . .
instability>* Second, the pseudogap positions of BaRuO E. A systematic trend in the layered compounds,
systems are at about 0.1 eV, which is comparable with the BaMO; (M=Ru orlr)

CDW gap value of a static CDW systeinThird, the spec- In the layered compounds with the face sharing of the
tral weight change in Fig.(8) is quite similar to those pre- Ru(or Ir)Og octahedra, it was suggested that the strength of
dicted for the density wave materidi&>*We believe that the the quasi-1D-like metal bonding along thexxis could be a
observation of the pseudogap itH4BaRuQ; provides fur-  parameter which controls their physical properfieshe
ther support for the CDW fluctuations as the origin of themetal-bonding contribution in R BaRuG, becomes larger
pseudogap in the layered ruthenates. than that in H BaRuGQ, since the former has greater num-

With such CDW fluctuations, there could be a partial gapbers of face sharings per single Ry@ctahedron than the
opening in thek space on the Fermi surface, which could belatter. The quasi-1D-like contribution will become even
closely related to the case of pseudogap formation in HTSOarger for BalrQ, since the 8 transition metal Ir ions could
Simultaneously, the suppression of the scattering channels drave a stronger metallic bonding character than ttherdn-
the Fermi surface could induce the reduction af. Bimilar  sition metal Ru ions?!
behaviors are observed in some density wave materibls. 2 It is quite interesting to see that there is a systematic trend
TaSe, which is a 2D CDW material, shows a weak gapin the BaMO; (M =Ru or Ir) compounds. From the optical
structure, but retains its metallic characteristics across thspectra, we approximately estimated the pseudogap positions
CDW ordering transition temperatufigpy . The absence of to be about 0.08 eV and 0.1 eV intH4and R BaRuQ,
the increase of(T) at Tpw Was attributed to the partial-gap respectively. It was also reported that the optical gap position
opening over a restricted region of the Fermi surffcand  value of BalrQ is about 0.15 eV* As the quasi-1D-like

D. The origin of the pseudogaps in BaRu@:
CDW fluctuations
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TABLE Il. Summary of the physical properties in the layered matefiBBMO; (M =Ru and Iy].

4H BaRuG 9R BaRuQ? BaIrO3b
Metal-bonding structure two RyO three Ru@ three IrQ
(Pseudd Gap position 0.08 eV 0.1eVv 0.15 eV
Electric state Fermi-liquid-like Crossover behavior Insulating

atlow T from metallic to insulator-like states

%Reference 3.
bReference 31.

metal-bonding along axis becomes stronger, the pseudogapems. It looks like the strong suppression of the scattering
(or gap position in theab plane seems to become higher. rate, in spite of the carrier density, is responsible for their
Moreover, the bonding strength seems to also be related tmetallic states. Additionally, the subtle difference in electro-
the transport properties H#BaRuQ, has a metallic behavior dynamic parameters makes two BaRu§ystems have dif-
even with a small reduction in at a low T. 9R BaRuQ,  ferent temperature dependences of resistivity and magnetic
shows an interesting crossover from metallic to insulatingsusceptibility. It is expected that these materials will provide
like states due to the significant reductionninvith decreas-  more insights on pseudogap phenomena in strongly corre-
ing T. BalrO; seems to be an insulatonamely,n=0). A |ated materials.

summary of these systematic changes is given in Table Il. To

confirm these interesting properties, it is useful to investigate

further the physical properties of othed 4r 5d compounds
with 4H, 6H, and R structures.

V. SUMMARY

ACKNOWLEDGMENTS

We acknowledge H. Y. Choi and K. H. Kim for helpful
discussion. We also thank the Inter-University Center for
National Science Facilities at SNU and Pohang Accelerator

4H BaRuG, exhibits clear pseudogap formation in its op- Laboratory for allowing us to use some of their facilities.
tical spectra, similar to R BaRuG,. From these observation, This work was supported by the Ministry of Science
it can be concluded that# and R BaRuG, compounds can and Technology through the Creative Research Initiative

be another class of pseudogap systemsdnelectron sys-

program.

1Y. Maeno, H. Hashimoto, K. Yoshida, S. Nashizaki, T. Fujita, J.G.**M.K. Lee, C.B. Eom, W. Tian, X.Q. Pan, M.C. Smoak, F. Tsui,

Bednorz, and F. Lichtenberg, Natuleondon 372 532(1994).

and J.J. Krajewski, Appl. Phys. Left7, 364 (2000.

2p, Kostic, Y. Okada, N.C. Collins, Z. Schlesinger, J.W. Reiner, L.**M.K. Lee, C.B. Eom, J. Lettieri, |.W. Scrymgeour, D.G. Schiom,

Klein, A. Kapitulnik, T.H. Geballe, and M.R. Beasley, Phys.

Rev. Lett.81, 2498(1998.

W. Tian, X.Q. Pan, P.A. Ryan, and F. Tsui, Appl. Phys. L28&.
329(2000.

3y.S. Lee, J. S. Lee, K. W. Kim, T. W. Noh, Jaejun Yu, E. J. Choi, 153 T. Rijsssenbeek, R. Jin, Yu. Zadorozhny, Y. Liu, B. Batlogg, and

G. Cao, and J. E. Crow, Europhys. Ledb, 280(2002.

“H. Ding, T. Yokoya, J.C. Campuzano, T. Takahashi, M. Randeria,
M.R. Norman, T. Mochiku, K. Kadowaki, and J. Giapintzakis

Nature(London 382, 51 (1996.

SM.R. Norman, H. Ding, M. Randeria, J.C. Campuzano, T.1g
Yokoya, T. Takeuchi, T. Takahashi, T. Mochiku, K. Kadowaki, P

Guptasarma, and D.G. Hinks, Natuteondon 392, 157(1998.
6Ch. Renner, B. Revaz, J.-Y. Genoud, K. Kadowaki, and-@3-
cher, Phys. Rev. LetBO0, 149 (1998.
’s. Donovan, A. Schwartz, and G. Ger, Phys. Rev. Lett79,
1401 (1997.

8M. Dressel, B. Gorshunov, N. Kasper, B. Nebendahl, M. Huth,

and H. Adrian, J. Phys.: Condens. Matfiet, 1633(2000.
9L. Degiorgi, Rev. Mod. Phys71, 687 (1999.
10p.c. Donohue, L. Katz, and R. Ward, Inorg. Chetn306(1965.
113.M. Longo and J.A. Kafalas, MRS BulB, 687 (1968.
125 T. Hong and A.W. Sleight, J. Solid State Cheh28 251
(1997.

R.J. Cava, Phys. Rev. B9, 4561(1999.
18F Wooten,Optical Properties of Solid§¢Academic, New York,
1972.

" 173.S. Ahn, J. Bak, H.S. Choi, T.W. Noh, J.E. Han, Yunkyu Bang,

J.H. Cho, and Q.X. Jia, Phys. Rev. Le82, 5321(1999.
H.S. Choi, Y.S. Lee, T.W. Noh, E.J. Choi, Y. Bang, and Y.J. Kim,
Phys. Rev. B60, 4646(1999.

193.W. Allen and J.C. Mikkelsen, Phys. Rev.1B, 2952 (1977.

20T, Timusk and D. Tanner, ifPhysical Properties of High Tem-
perature Superconductors, ledited by D. M. GinsbergWorld
Scientific, Singapore, 1992Chap. 5.

2lIn this analysis, the values ofi* are estimated to be too large.
This is becausg(T) in 4H BaRuG, might be largely enhanced
due to the ferromagnetic fluctuation.

22| this temperature region, the very weaklependences af(T)
andm* (T) are observed. So, tHE? dependence is expected to
come from electron-electron scatterings.

2K, Miyake, T. Matsuura, and C.M. Varma, Solid State Commun.

71, 1149(1989.

165109-7



LEE, LEE, KIM, NOH, YU, BANG, LEE, AND EOM

24N. W. Ashcroft and N. D. MerminSolid State Physic&Saunders
College Publishing, Philadelphia, 1976

251.I. Mazin and David J. Singh, Phys. Rev. Let9, 733(1997.

28|f the enhancement of(T) in 4H BaRuQ, is due to the ferro-
magnetic fluctuations, its contribution will provide different val-
ues ofn andm*, especiallym*.

2’D.N. Basov, R. Liang, B. Dabrowski, D.A. Bonn, W.N. Hardy,
and T. Timusk, Phys. Rev. Leff.7, 4090(1996.

PHYSICAL REVIEW B64 165109

35Up to now, the pseudogap onset temperafiifrén 4H BaRuGQ, is

not clear. In contrast to other pseudogap systems, the signature
of the pseudogap is not clearly observeg(T) andx(T). This

could be related to its nonmagnetism and a fluctuation type of
instability. In o1(), a weak gaplike feature is observed even at
300 K. So,T* is expected to position above 300 K, which has
been observed in other CDW materials, such ggMoO; and
2H-TaSe.

28C.C. Homes, T. Timusk, R. Liang, D.A. Bonn, and W.N. Hardy, *V. Vescoli, L. Degiorgi, H. Berger, and L. Forr®hys. Rev. Lett.

Phys. Rev. Lett71, 1645(1993.
29T, Timusk and B. Statt, Rep. Prog. Phg, 61 (1999.
30G.R. Stewart, Rev. Mod. Phy56, 755 (1984).

81, 453(1998.

87T, valla, A.V. Fedorov, P.D. Johnson, J. Xue, K.E. Smith, and F.J.

DiSalvo, Phys. Rev. Let85, 4759(2000.

31G. Cao, J.E. Crow, R.P. Guertin, P.F. Henning, C.C. Homes, M3®While it is possible that a relatively long time scale of the CDW

Strongin, D.N. Basov, and E. Lochner, Solid State Commun.
113 657 (2000.

32G. Griner, Density Waves in SolidsAddison-Wesley, Reading,
MA, 1994).

33, Degiorgi, M. Dressel, A. Schwartz, B. Alavi, and G. Ger,
Phys. Rev. Lett76, 3838(1996.

34M. Tinkham, Introduction to SuperconductivityMcGraw-Hill,
New York, 1975.

165109-8

fluctuations could result in the removal of degeneracy of the
lattice modes, the splitting of IR-active phonons in our spectra
was not detected within our experimental resolution. On the
other hand, a recent Raman study shows the phonon splitting of
the E,4 mode of the face-shared oxygen with decreadifg. J.

Oh et al. (unpublishedl].

393, sachdevQuantum Phase Transition€Cambridge University

Press, Cambridge, England, 2000



