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Anomalous microwave conductivity due to collective transport in the pseudogap state of cuprate
superconductors
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The microwave surface impedangg= Rg+iXg of HgBaCaCu;0g, 5, HJBa&CUuO, ., 5, TI,Ba,CuG;, 4,
and underdoped YB&u;O; 5 is found to be anomalous in thBE(T>T,) # X(T>T,) in the pseudogap state.
This implies plasmonlike response and negative permittivitig€s) <0 at microwave frequencies indicating
non-Fermi-liquid transport in theb plane. The anomalous microwave response is shown to arise from a
collective mode characterized by a plasma frequengyy~0.1 eV and extremely low dampingcy
~10°-10* eV, distinctly different from those observed at optical frequencies.
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The “normal” state abovel; of the high-temperature cu- Single crystals of Hg:1201T(=94.4 K), HQg:1223 T,
prate superconductors is well known to be extremely abnor=122 K), TI:2201 ({T.=91K), and underdoped
mal. A wide variety of experimental techniqugshotoemis-  yYBa,Cu,045 (T.=60 K) were prepared by appropriate
sion, optical conductivity, NMR, tunneling, neutron methods for each material. The high quality of the crystals
scattering, infrared, Raman, et¢Ref. 1) have been applied discussed here has been confirmed by a variety of other
o its study and suggest that there is a common phenomen%chniqueg. The data reported here were confirmed with

ogy for all high-temperature superconductors: the existence ¢ | | f h terial. Th
of a partial gap or a pseudogap meaning the suppression §{asurements on several sampies of each material. 1he

the low-energy density of states. An important issue is thégh-sensitivity microwave measurementsRafand X were
nature of the pseudogap, several alternative theoretical mogarried out in a Nb superconducting cavity resonant at 10
els of this having been proposed, such as superconductirfgHz in the Tk;; mode with very high unloade@~ 1%
fluptuaéiﬁon§ or islands} competing order parametérand  Sincez =R, +iX = \i uow/a, from R, andX. it is possible
stripes.: _ to obtain o; and o, the real and imaginary parts of the
In this paper, we show that low-energyicrowave mea- . L~ . . U \2
surements of the surface impedan@=Rg+iX, on conductivity, usingo=o;—ioy=iuew/(Rs+iXy)" In all
HgBa,Ca,Cus0g. 5 (Hg:1223), HgBaCuO,, 5 (Hg:1201),  Microwave measurement&y(T) can be measured abso-
Tl,Ba,CuOs. 5 (TI:2201), and underdoped YB@u;Ogsre-  lutely, while relative changea Xs(T)=Xy(T) —Xs(0) are
veal new features of transport in the pseudogap state. THgpically measured. We obtaiXis(0)= pow 45(0) from es-
measurements indicate a breakdown of the so-called Hagetimates of the lowF penetration depth\,;(0):130 nm
Rubens limit(where the measurement frequensy<I’, the  (Hg:1223), 117 nm (Hg:1201), and 260 nm (YBCO6.5). It
carrier relaxation or dissipation ratendicating a plasmon- should be emphasized that becadgéT>T.)>X.(0), the

like response characterized by negative microwave dieleCtriFesults discussed in this paper are not sensitivi @) or
permittivities ¢’ (w) <0, for currents in theab plane. Such )\s(o) s

an anomalous conduction in the pseudogap state indicate The temperature dependencesxgfand R, for Hg: 1223

non-Fermi-liquid (NFL) behavior rather than a single- . et >
particle (Fermi liquid) transport mechanism and that the mi- When the microwave magnetic field,c axis and ofAX,

crowave dynamics and the optical response are characteriz&8dRs whenH,, L c are shown in Fig 1. In Fig. @ H,lc so
by different energy scales. A model based upon a collectivéhat we are probing in-plane charge dynamics, while in Fig.
phason mode arising from the presence of charge fluctual(®), H,Lc (i.e., H,[ab), the current is flowing in thab
tions, such as from stripes or a density wd@aV), quanti- andc directions. In this mixed case, the data are represented
tatively explains the observed temperature dependence of eRS A X becauser 5p..(0) and henceXs(0) cannot be easily
perimental data. estimated. At lowT<T., A,p(T) has a power-law depen-
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Rl 7 although the onset can also be seen in the pbrplane data

- 6 N_ [Fig. 2(a)] albeit more gently. Thus our data are consistent

= with other findings that thec-axis pseudogap is different

T from theab-plane pseudogab.
For a conventional metal, the electromagnetic response
E can be expressed in terms of the dynamic conductivity writ-
2 ten as }(w)Eol—iozza'n0/(1+iw7')=w§80/(f‘+iw),
, wherew,, is the plasma frequency,= 7~ 1is the relaxation
J H:1223H | ab or dissipation rate, and,q is the zero-frequencydc) con-
0 5 100 150 200 25 300 O 50 100 150 200 250 300 ductivity. In typical metals like Al, w,~15 eV and I’
A o ~0.1 eV, a negative dielectric constant is observed at opti-

FIG. 1. (8) RgandX, vs T for H,|c and(b) R;andAX vs Tfor  cal frequencies~(~ 10"*Hz, 0.1 eV) where o~T, and
HwJ_c for HgBaQC.aQCL.bOSM..The violation of the Hagen-Rubens ¢,/0;~1, sincee=1— wS/w(w—iF). On the other hand,
limit in HQ:1223 is evident sinc&# R, for T>T, and AX¢(T,) microwave frequency+ 10'°Hz,10 4 eV) experiments are

>ARy(T). Similar anomalous results are also observed in;, the Hagen-Rubens limib<T", o,/0,= /<1, imply-
Tl,Ba,CuQs, 5, HgBaCuO,, 5, and underdoped YB&UsOg 5o ) P2 '

(not shown. In contrast such a violation is not observed in opti- "9 o=0no=wygo/I’, and the conventional Ohm’s law ap-
mally doped YBaCusOs o5 [inset to(a)]. plies. In the Hagen-Rubens limitRs=Xs= uow/20,

= pow 8,/2, where the skin depth,= (2/uowo,) 2 Clearly
dence onT, consistent with measurements on other cupratéhen our finding that4(T>T;)=Xs/Rs—1#0 shows that
superconductor$.Details of the superconducting state will these materials violate the Hagen-Rubens condition in the
be discussed separately. pseudogap stafé.

Two principal features of the data for Hg:1223 of Fig. 1 The violation of the Hagen-Rubens limit immediately im-
are evident(i) Above T, the curves oR, vs TandX,vs T plies a finite value of the imaginary past,(T>T,), since
are not parallel, so th®<(T>T.) #X(T>T.). (i) Further-  0,= uow(X2—R2)/(RZ+X2)? and a corresponding negative
more,AX4(T.)>ARg(T.), exactly opposite to that observed microwave dielectric permittivity &' (T>T.)=—o,(T
in conventional metals like Nb and Sn, and to within experi->T;)/we, for the nonsuperconductingtate abover, for
mental accuracy, in optimally doped YB2u;Og g5[See Fig.  these materialso,(T) is shown in Fig. 3. In Hg:1223 it
1(a), insef and B, Sr,CaCyOs. achieves rather large values1®® (Q m) ! and decreases

Essentially similar data were found for the other materialswith increasing temperature. The corresponding dielectric
in this study: Hg:1201, T1:2201, and YB@u;Og 5. The in-  constant e=o,/wesq=—2x10° is large and negative.
equalityRg(T>T,.) # X(T>T,) for all four materials is evi- TI:2201 also violates the Hagen-Rubens limit, with values of
dent from Fig. 2, where we present the data in terms of ther,~10° (O m) ! leading to e=—2x10°. Essentially
anomalyA=X¢/Rs— 1 vsT for bothH ||c [Fig. 2a)]and as  similar results have been found for TI:2201 in other micro-
AX¢/Rs—1 vsTwhenH,, L c [Fig. 2b)]. The anomalyd is  wave measurementé.In underdoped YBzCu;Og 5 the cor-
clearly finite (nonzerg for T>T, for both orientations. In respondingo,(T>T,) values ~10* (2 m) ! are signifi-
optimally doped YBaCu;Og.95 the anomalyA(T>T.)=0  cantly lower. Thus the violation of the Hagen-Rubens limit is
from the data of Fig. (), inset. less severdalthough unambiguolisand is consistent with

The influence of the pseudogap temperature scale on thtée trend that in optimum-doped YB@u;Ogos, AX(T¢)
transport is clearly evident in Fig. 2 for Hg:1223(  <AR((T.) and Ry(T>T.)=X,(T>T.) so thato,(T>T,)
=270 K) and Hg:1201 T*=260 K)!° The onset of the ~0(<o;) within experimental error.
pseudogap greatly enhances thx@xis contribution, as is The above conclusions concerning finit@,(T>T,)
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clearly seen in the data for Hg: 1201 and Hg: 122®). 2(b)], ~0o(T>T,) are directly a consequence of the data and not
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107 spectral  weight [o(w)dw=Tw5cyeo2 and wpeu

<wpopt- Thus our results clearly show a disparity in energy

Hg:1223 scales between the microwave and optical frequency trans-

10° \ port.
Using the Drude formof)CMZnez/m*so, we can extract

the effective massn*. Forn we use conventional estimates

of 0.2 holes per plane, leading to~107"/m3. The resulting

effective masses then are somewhat lange;- 300—400 for

Hg:1223, 100-200 for TI: 2204100 for YBaCuzOq 5, and

8000-23 000 for Hg:1201 in the temperature range of the

Hg:1201 data. These large masses are comparable with those observed

in one-dimensional1D) charge density wave€CDW's).'®

The simultaneous enhancement ng(=Fg,\l,|) and m*

105 T1:2201

s(Q.m)’

BCO6.5

104

10°

50 100 150 200 250 300 350

T leaveso; nearly unchanged, so the microwave anomaly con-
FIG. 3. oo(T>Ty) for Hg:1201, Hg:1223, T1:2201, and S'StS Of & large value af,(T>Tc). It should be noted that
YBCO6.5. earlier analysis of microwave scattering rates in Bi:2212 and

YBa,Cu;0g o5 (Ref. 16 assumed an effective mase*
. ) ) =me (N0 mass enhancemeso that thd” deduced from the
obtained from any modeling of the dynamics. In the frame-microwave conductivity forT>T, in those cases is much

work of a Drude relaxation modelo(w)=0,—i0, larger than those deduced here. Massive carriers mith

=UCMO/(1+iwCMrCM):wf,CMsO/(FCMJriw) valid at mi-  ~10° have been deduced from microwave measurements in
crowave frequencies, we can obtaigcy andl'cy from the  nonsuperconducting LEUO,.t’
01(10 GHzT) ando,(10 GHzT) data. The resulting val- The microwave results are suggestive of a phason mode

ues ofw,cy~0.1 eV are significantly lower than indicated of a CDW, whose electrodynamic response can be repre-

by optical spectra. More striking are the extremely low dis-sented asaCM(w):UCMO/(l_w;zain/w2+inCM)- In the
sipation or scattering rate5cy~10°-10"* eV. These ynpinned casew> win(—0), the response reduces to the

low values ofI'c) are to be expected from the finite, Drude form oey(w)=oo/(1+iwrey) used above. If the

since o/~ w/I'cy~0.1-1. Similar small values of 541 has a finite pinning frequency, the model cannot ex-
and alsow, are observed in th(_esheavy fermion materials 5|5in the de conductivity, which is actually enhanced below
UPE (wp/277~0.3 eV, I'~6x10"> eV) (Ref. 13 and the  {he pseudogap transition. To approximately describe this re-
cond_u4ct|ng polymer  polypyrrole  (0.007 eV, 1.2 giq,a| conductivity, we introduce a second Drude compo-
x10°" eV) (Ref. 14 from microwave measurements. The nent which is unaffected by the pseudogap transition. For
temperature dependences af,c(T) and I'cy(T) are  gimplicity, we assume the same marginal Fermi liquid form
Zhownd'” Fig. 4. In Hgt;:1b20% ?jntd ';'h911223athe tetmperatutrqor the unrenormalized scattering of both components:
aﬁﬁgﬂgﬁ”ﬂ":i e ttend i< ;’ppaergrff“ ogap tempera ”rzego/(m?:ﬁ|wm*)+rcoo/(mh+_nw),_ with r the ratio
Optical experiments show a Drude peak at much highePf the ungapped to gapped contributiong,= wys,, and
frequencies than microwaves, leading to the parameters&h=\/w2+ Trz(T2+T02), T, providing a low-temperature
wpopd2m~2 €V andl',p~0.1 eV. These magnitudes also cutoff. The CDW effective mass enhancementis/m=1
correspond to ARPES measurements of the quasiparticle £, with [=aA%(T)={o(1-T/T*), where A(T) is the
scattering rate. It is clear that these high-energy experimeng@ap, assumed to have a BCS form.
are not able to observe the very low dissipation rates reported Figure 2 shows the resulting calculated variation Withf
in this experiment, sinc&> wycum,I'cy for them, and fur-  the measured anomalyl= (Xs—Rg)/Rs=y—1+ 1+ ¥
ther the collective mode observed in this work has smalcompared with the experimental data for the cékg| c
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where y=o0,/0,. Parameters are nt*,T*,To/T*,ry) In conclusion, we have presented microwave experiments
=(1000, 400 K,0.3,.85) for Hg:1201, (400, 450 K, 0, 0) that unambiguously reveal entirely novel transport properties
for Hg:1223, (500,400 K,0.5,0.9) for TI:2201, and Of the nonsuperconducting or pseudogap state of several
(150, 400 K, 0.3, 6) for YBCQs. The model reproduces high-temperature superconductors. The pseudogap state has
the temperature dependence o, R.)/Rs found experi- been probed at microwave time scales in several of these
mentally, decreasing at higher temperatures. The calculatg®iaterials. The results show that the low-frequency transport

T* is an onset temperatuf&,,, while the experiment mea-
sures a crossovery,, where Xs/Rg changes most rapidly.
We have compared only the cadg) c for the pureab-plane

currents, since the mixed casg, L c requires an an addi-

tional c-axis contribution and is the subject of future work.

is likely to be collective in nature, consistent with earlier
suggestions of NFL abovE, (Ref. 20 and characterized by
extremely low damping distinctly different from optical
transport parameters. The results are quantitatively explain-
able in terms of a collective phason mode. Such a phason

We note that the microwave data do not find any clear indimode response can arise from a DW order pararhetealso

cations for pinning of the phason modee., o, is positive.

from stripe fluctuations, which have CDW-like dynamfts.

We have thus demonstrated that a collective mode apfhe implications of these results both for the pseudogap
proach is capable of explaining the anomalous microwavetate, as well as the pseudogap-superconductor transition, are

data, while requiring a high-frequency component for ex-intriguing and of considerable importance.
plaining the optical data. Since pair fluctuations persist only

for a few K aboveT., the phenomena discussed here must
be associated with pseudogap dynamics, rather than super- We thank A.H. Castro Neto for valuable discussions. This

conducting dynamic$’

work was supported by ONR and NATO.
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