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Onset of dielectric modes at 110 K and 60 K due to local lattice distortions in nonsuperconducting
YBa,Cu30g o Crystals
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We report the observation of two dielectric transitions at 110 and 60 K in the microwave response of
nonsuperconducting YB&u;Og o Crystals. The transitions are characterized by a change in polarizability and
presence of loss peaks, associated with overdamped dielectric modes. An explanation is presented in terms of
changes in polarizability of the apical O atoms in the Ba—O layer, affected by lattice softening at 110 K, due
to change in buckling of the Cu-0 layer. The onset of another mode at 60 K strongly suggests an additional
local lattice change at this temperature. Thus microwave dielectric measurements are sensitive indicators of
lattice softening which may be relevant to superconductivity.
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It was recognized soon after the discovery of the high- Ultrapure single crystals of YB&u;Og o Were prepared
temperatures superconductors that the cuprates are structifi-contamination-free BaZrQcrucibles. The high quality of
ally similar to the ferroelectric perovskitésThe basic per- these single crystals has been extensively documented in a
ovskite ABQ; structure occurs in ferroelectrics like BaBO wide range of measurements, including structural and trans-
and incipient ferroelectrics or quantum paraelectrics such agort studies. A brief list of these reports can be found in Ref.
SrTiO;, as well as in subunits of the superconductors8.
YBa,Cuz04 4. - The implications of this structural similar- The high sensitivity microwave measurements were car-
ity received early support from the observation of large di-ried out in a Nb superconducting cavity resonant at 10 GHz
electric respong€ in the insulating parent compound in the TE,;; mode. The sample is placed at the center of the
YBa,Cu;Ogo. Furthermore, theoretical models have beencavity at a maximum of the microwave magnetic fiélg, .

proposed which include the possible competition betweeRye introduce an electromagnetic susceptibiligy, (T)

« . . _6
ferroelectricity and superconductivity’ ={,(T)+iZ)(T) which is related to the measured param-

In this paper we show some striking dielectric propertieseters’ the shift in cavity resonant frequend§(T) and the

of single crystals of insulating YB&u;Og o Which seem to resonance widthAf(T) by &F(T)—iAf(T)=—g[Z,(T)

have a strong bearing on the superconductivity of doped . , . : . .
YBa,Cuz;O5 o1 - Traditionally the information on lattice dy- *+125(T)], wheregis a geometric factor. A detailed analysis

namics has been obtained from inelastic neutron, x-ray abe the relevant cavity perturbation for general sample condi-

sorption fine structuréXAFS), Raman, and infrared spec- tions including lossy dielectric and metallic or superconduct-

troscopy measurements. Our microwave measurementa? s_tates, has been recently Carf"?ﬂ out by g qre ab!e
probe consequences of lattice modes on the long wavelengifl directly measure the conductivity,,, or the dielectric
(g=0) dielectric properties, and its very high sensitivity permittivity ey, (Where o= —iwegeio). The analysis
leads to the observation of features not detected by otheshows that for arbitrary conductivity,

techniques.

In addition to large dielectric strengths’ ~10°—1C°, Tu(T)=— 2[1-3z2+3 col(2)/z], (1)
consistent with previous measurements, we report the pres-
ence of two dielectric transitions at 110 and 60 K. These
transitions are accompanied by the onset of polarization
modes indicated by the presence of dielectric loss peaks be- . ot o~
low the transition temperatures. The transitions arise from Note that we use time dependen@es®". In the limit z
structural distortions occurring at these temperatures, such a1, (T)~(1/10)(Koa)?(eior—1) for a lossy dielectric.
buckling of the Cu—0 plane leading to the 110 K transition, The dielectric permittivitye,,; was extracted from the data
Whlch affect the electrodynamic response. Thus Precisionsing £q.(1). 3, includes both bound polarizatio ) an
microwave measurements are shown to be a sensitive pro?e o~ - .~
of lattice effects, complementing other traditional probes o re.‘t:-.: charge  conductivityo COI’]tI‘IbUtIOI’]S,. .|.e.., tot™ &
lattice dynamics. Taken together with numerous reports of" io/weo. In the present case the conductivity is negligible
lattice effects at or near the superconducting transition temande,;=¢. We have earlier carried out extensive measure-
peratureT,,’ the present results demonstrate the importancenents of the surface impedance of a variety of
of charge and lattice dynamics in the high-temperature susuperconductors, metals, and insulators, and demonstrated
perconducting oxides. the validity of these measurements.

where z=ka=koa Vs or.
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FIG. 1. Dielectric constantse’ and &” at 10 GHz of K
YBa,Cu;05 1 - Note the onset of dielectric responseTai=60 K \—’_\
andT,g=110 K. The solid lines represeat=¢,+¢&z+¢, as de-
scribed in the text. ¢ of sample 2 o]
450 . . . :
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The dielectric permittivity ¢'(T) and &"(T) of
YBa,Cu;Og o are shown in Fig. 1. Herel,||c axis, so that

the displacement currents are in thé ~|olane, i.e., we are FIG. 2. Dielectric constants’ at 10 GHz of YBaCu,Og , for
measuring in-plane dielectric permittivigy,. The large mi-  samples 1 and 2. Note the onset of dielectric modek gt 60 K
crowave dielectric permittivity observed in the present com-andT.z=110 K are present in both the samples.
position seems to be a characteristic of some perovskite ox-
ides. Such large dielectric strengths’ ~10°—10° in all temperatures. We belie\Eey is the contribution which has
nonmetallic insulating YBgCu;Og o, x Were reported by Rey been measured by several previous investigafoos non-
et al,? for ceramic samples which were quenched to retairmetallic YBaCu;Ogo and represents a polarization mode
the oxygen homogeneity. It is worth remarking that theformed at high temperaturég>300 K., and sz indicate
present crystals are also quenched from high temperature afge onset of two dielectric modes which turn on below tran-
this may be an important requirement for the observation of;jtion temperatures,, =60 K andT ;=110 K. We describe
this effect. We have observed similar response in the microthese modes with the following parameters:
wave dielectric permittivity of another YB&u,Og  Crystal ea0(T)=60[1—(T/Tep)], Tep=110 K and 74(T)=4
(Fig. 2, bottom panglobtained from a different batch, con- '8_10 o 5 < b

' ’ J< 10" (sec K)/(T+200) , for thee 5 process, and

fk:rerpelzng the presence of the dielectric transitions reporte £o(T) =280 1— (T/Tey)], Tey=60 K and 7,(T)=2.5
. o e
The data in Fig. 1 can be analyzed in terms of three di-<10 = (s€cK)/(T+5), for thee,, process. ,
electric modesy =3 +EB+E each of which is well de- €40 @nde o are similar to order parameters which grow at
a Y H™ 3 !
scribed by a Debye relaxation form with respect to the tem_tempﬁzratures below a 'Fran5|t|on. Ass Iowergd, botte E_'(T),
perature dependence: ande (T) increase initially due to the growing polarization.
However below a characteristic temperature boffiT) and
eio(T) e"(T) begin to decrease because the dipoles are no longer
10 (2 able to follow the microwave field. The peak temperature
Tpoa~25 K is determined by the conditiomr,(T,,) =1,
5 although the peak fog’ is at a higherT than fore”. The

e, appears to represent the low tail of a high- peaks are so-called dielectric loss peaks. Identical arguments

temperature  process, Withe ,o(T)=160, and with a hold for s 4(T) also. Here the peak is much broader and
relaxation timer,(T)=6.5x 10" ** sec * exp(1000T) char-  occurs aff ,5~75 K.

acterized by an activation energy of 1000 K. ﬁpprocess For thea and B processes, the temperature dependence is
is dominant between 300 K and approximately 180 K, belowtoo broad to be described by an activated relaxation rate. We
which it “freezes” out quasistatically as the dipole relax- have found that a relaxation rate which is linearTini.e.,
ation rate becomes extremely slow. A residual temperature;}g(T)%aa,B(T+ T(a,p)0), describes the data very well as
independent dielectric contributior 465+i125 remains at seen in Fig. 1, witha,~0.4x 10 (sec K) "1, T,,=5 K

TK

e=g,tepte,= —_—
ETEaTERT Ey i:;,g‘yl—lan'i(T)
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proximation (SCHA) curvature of the anharmonic Oxygen

electronic potential. For a driving electric fielle ™!, the
susceptibility a=ZewE=2%€?/m,(w3— w?—iwl'). The
O o dielectric constant =na/e, then becomes
02
O o® B 5(0)
® Cu e= 2 2 . ©)
O Ba (1- wlwg) —ioT
® v Heres(0)=nZz%e?/D and r=T"/w}.

Rather large dielectric constants are feasible for soft
modes. For the case of th@ atom in the Ba—O layer in
YBa,Cu;0g 9 We haven=1.2x10?® m~3. With £,=8.85
X102 F/m, and using the resonance frequenéy=23
X108 Hz (wo=2mfg)'® so that D(=Zm.w3)=3.3
g<10*2 N/m, we gete(0)~10° comparable to the experi-
mental results. Note that despite the softening, the condition
w<w, is well satisfied {=10° Hz), and the so-called
Drude-Lorentz form of a resonant mode given by [ES).
reduces to the Debye-like relaxation forms used in @3.

The above estimate indicates considerable softening of the
anharmonic O potential. Indeed this can happen because the
Qirvature is extremely sensitive to interatomic forces in these
materials. A mechanism for such softening has been given
by Shenoyet al® for the layered HTS.
There have been extensive studies of lattice dynamics in
perconducting oxides, especially in YfBaxOg. .:° One
the key features that has emerged is that there are small
structural distortions which occur although there is no
change in the overall structure. Particularly well-established
are the structural distortions reported azgc in
oo " ; YBa,Cu;Og 4, Hg;Ba,CuQy, and TLBa,CaCyOg.=" Also,
@;Vx%tgc{[ﬁ:tzﬁeog 1%”2?3?;?5:;?;2;;'nnoz(fribe%%m anIattice instabilities have been reported, in the dialatometry
S ) Pheasurements on doped and undopesdle), . ,, at 32 and
contamination of th(_a S?mp'e by a superconduc_tlng.phas%,fs K that are found to be independent of the density of
since then the contribution should be diamagnétiegative charge carrierd" In YBa,CusOg. , the coupling between

¢'), opposite to what is observed. ani
. . . . - pical Q1) and planar @) oxygen changes at the supercon-
A scenario leading to such dielectric transitions can be, " . o : !
arrived at starting with the so-called Bilz model for ducting transition due to the displacements d0in the

ferroelectricity'® which is based upon the nonlinear polariz- directions perpendicular to the CuO2 plafég. 3) changing

ability of oxvaen. and originally develooed for perovskite the buckling in the plan& The nearness of thg dielectric
struc)t/ures ')I{Eis ,applies ?o aydisplacivpe-type fgrroelectricmOOIe around 110 K to thd =93 K (YBa,Cu;Oe.ed IS
where dipole moments are induced during the phase tranSAS-trlklng and suggests a possible change in t@ Gynamics

tion so that soft mode concept becomes important. Above the, YBa,Cus06,0 (YBCO) as well, and hence we attribute this

displacive ferroelectric transition, the oxygen atoms are es- mode 1o the change in the dynamics oD

. s : In Ref. 6 the possibility of dielectric modes in coupled
sentially oscillating in a potential well. Below the ferroelec- : . ; )
; e . Ba—0O and Cu-0 layers is described. Including the various
tric transition, a double-well is formed and the oxygen atom. . ;
. - , interatomic forces, it can be shown that the curvairbke-
then locks into one of the minima—the displacement thenComes a function of the buckling anale The change in
leads to a large permanent polarization. In the present casbe 9 ang 9

the ferroelectricity is prevented from occurring, either due tothuecglé)ng|::lelg?:olf;g\tli?:u;dnf:gstooatif:hrir:)%ee mrggjltmx'inngam
quantum fluctuations, as was proposed for SgJiOor due P : S op ’ 9
to coupling between Ba—O and Cu—O layéFig. 3.5 Con- new set of mixed modes which would move to lower fre-

o : uency due to softening. The resulting decreasb iwould
sequently the O potential is greatly softened leading to th : :
large dielectric permittivities observed. hen explain the8 mode at 110 K. The calculation of Shenoy

We use a modification of the Bilz model specifically for et al” based on the mean-field approach support our descrip-
jon of the dynamics of Q).

; tjo
the oxo-cuprate superconductors implemented by Sheno;}, The presence of the 60 K mode suggests another local

et al® The equation-of-motion of the oxygen relative ion- . . .
q g . R structural change at this temperature scale, possibly in the

electron _coordinatevT/ is given by mg(W+I'W)+DW  chain layer. It is very interesting to note that this temperature
=ZeEe '“!, whereD is the self-consistent harmonic ap- scale is present in the doped YBCO as v@lin addition to

FIG. 3. Apical, Q1) and planar @) oxygens in YBCO. The
change in the buckling angle at 110 K changes the polarizability o
O(1) resulting in theg dielectric mode.

and az~0.25x 10" (sec K) ! and T 4,=200 K. Such re-
laxation rates with linea dependences are well known in
the copper oxide superconductors.

We note that similar large dielectric constants have bee
observed in other copper oxides. In,Bi,(Dy,Y,Er)Cy,Og,
the parent compound of Bi:2212, large in plape~10°—
10° were reportetf. It is also important to note that the
dielectric modes discussed here bear a strong similarity tg
the numerous modes observed in the dielectric response Q
the perovskite SrTiQ (Ref. 12 at 65, 37, and 16 K. The
dielectric loss peaks reported here are similar to those o
served in Lg;SnNiO, (Ref. 13 and Sg,Cu,0,;. 1

The present results indicate that at 1(Ref. 15 and 60
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the proximity of the 110 K transition to the optimum super- scales. These results indicate that local distortions in the
conductingT . of 93 K noted above, equally important is the structure at 110 and 60 K would lead to changes in polariza-
presence of a secondary temperature scale around 60 K tion as we have observed in YBau;Og o and charge order-
certain measurements of YBa,Og. ,.1%??72* This tem- ing in doped YBCO. Microwave conductivity measurements
perature scale has manifested itself in various experimenign doped crystafS from x=0 to 1, when taken together
whose connections are becoming apparent only recentlyyith these other observations, strongly suggest that doping
Thus the present results may have important implications fogoyes this onset temperature from 60 KatO to ~70 K at
superconductivity in these materials. x=1. Also the superconductind, increases withx, but

In optimally doped single crystals of YB&U;Oge5 @n  never exceeds 93 K. An interesting implication is that the
additional onset of pair conductivity at 65 K was noted inimpjied structural distortion transition at 110 K may repre-
Ref. 10, well below the maiff =93 K. The consequences sent an upper limit on the superconducting transitibn,
of this on the thermal conductivity and vortex transpoft In conclusion we have observed three paraelectric modes
have been observed. The present temperature scales algfn temperature onsets at 60, 110, an800 K in the non-
have striking resemblance to transitions around 110 and 65 ¥yetglic YBaCu;0g . These modes are well described by
in over doped YBCO observed in nu_clearzganrupoIe réSOthe change in polarizability of apical (D oxygens due to
nance(NQR) measurements by Grevet al,™ which have  change in lattice dynamics with temperature. A striking ob-
been interpreted in terms of charge-density wa@®W)  seryation is that the two low-temperature modes have direct
correlations. In their results a short-range CDW sets in th@onnections with the transitions observed by traditional lat-
Cu—O chains at 110 K which becomes long range around 6fce probes as well as NQR and thermal conductivity mea-
K. The formation of CDW in the chains modulate the chargeg,rements on doped superconducting YBa&Ogo.
in the planes leading to a transition between an |nhomoge§trong|y suggesting that oxygen and lattice dynamics play an

neous charge state to a low-temperature ordered charge st@igsortant role in both the superconducting and nonsupercon-
in the planes. Keeping in view the fact that NQR probes th‘?:iucting materials.

electric field gradient around the Cu nucleus the NQR tran-

sitions could as well be due to changes in local structure

which leads to CDW formation in the doped metallic YBCO. We thank C. Kusko, R. S. Markiewicz, C. Perry, and S. R.
Together, the NQR, thermal conductivity and the present reShenoy for useful discussions. This work was supported by
sults stress the importance of the 110 and 60 K temperatut®NR and NSF-ECS-9711910.
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