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Influence of Pr doping and oxygen deficiency on the scattering behavior
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A comparative study of the complex conductivity and the scattering behavior of Pr-doped and oxygen
deficient YBgCu3;0- thin films with varying Pr or oxygen content is performed using terahertz coherent
time-domain spectroscopy in combination with dc-resistivity measurements. Both Pr doping and removal of
oxygen decrease the hole concentration in the £pl@nes. The specific conductivity behavior measured from
300 to 8 K shows two phase transitions: the superconducting transition at the critical temperature and a
transition that can be explained by a suppression of the spin Wepiaon density below the spin gap
temperature. The nearly identical scattering behavior observed for both types of doping is discussed in the
framework of P.W. Anderson’s theor{/S0163-18206)06418-1

[. INTRODUCTION state properties is given by Anderson in his resonating va-
lence bondRVB) theory,”~1°who separates spin and charge

Doping is an important parameter to study the characterinto two types of quasiparticle excitations: the holons
istics of the complex conductivityg(T) of high-T, oxides. (boson$ that carry charge and no spin and the spinges
Substitution of Pr for the Y atom in YBaCuO, or Zn and Co miong that carry spin and no charge. Charged parti¢tes
for the Cu atoms in the CuQplanes and CuO chains, re- lons) are almost solely scattered by spinons, which leads to a
spectively, or removal of oxygen from the CuO chains influ-linear o(T) temperature behavior in the normétrange
ences the hole contef®r, O, C9g or the hole mobility(Zn) meta) state. Spinons can also be scattered by spinons which
in the planes. is observed as a transverse scattering rate in Hall measure-

Several models have been proposed to explain the scattenents. In the mean-field approximation of the RVB thedry,
ing behavior in the higfT. oxides. In these models, the main two characteristic temperatures related to two phase transi-
scattering mechanism is based on spin fluctuatiangpara-  tions govern the physics. On the one hand the spin gap tem-
magnon modé) or on a combination of spin and charge perature Ty below which the spin degrees of freedom
fluctuations(marginal Fermi liquid modgf~ These models (spinons condense to form Zhang-Rice singlets, and on the
can explain the unusudl-linear resistivity behavior in the other hand the Bose-Einstein condensation temper&igite
normal state, believed to be a consequence of the linear terbelow which the charge degrees of freedgmlong become
perature dependence of the quasiparticle scattering rate 1/paired and Bose condense. A general mean-field phase dia-
Moreover, calculations have shown that these spin fluctuagram for the HTSC'’s as a function of hole doping has been
tions can give rise to high-temperature superconductifity. proposed;? that will be used here because our data fit very

A phenomenological approach to describe the normaiell within this scheme as discussed later. The occurrence of
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a gap in the spin excitations yields a deviation from thepatterning of the sample. Analysis of the Fourier spectra
T-linear conductivity behavior as already observed in oxygeryields the absolute value of the real and imaginary part of the
deficient®*!*and Pr-doped samplé3The spin gap tempera- conductivity over a broad frequency range. Coherent THz-
ture T, depends on the Pr or O content in thg XPr,Ba  radiation pulses are generated by excitation of an InP surface
,Cuz0, system. The spin gap formation in the cuprates hagmitter with 100-fs optical pulses derived from a self-
been further explored by Ubbens and [*&&’ who attribute  modelocked Ti:sapphire laser. Time-resolved detection of
it to strongly enhanced pairing of spinons in adjacent CuGhe THz pulses transmitted through the sample is achieved
» planes. The in-plane pairing of the spinons is shown to bavith a 50.wm-long photoconductive dipole antenna that is
completely destroyed by a fluctuating gauge field, whereagated by a time-delayed portion of the laser béarthe
the interplane pairing is much less sensitive to this gaugéequency range useful for further Fourier evaluation ranges
field and hence can give rise to the opening of the spin gagrom 200 GHz to about 2 THz in the measurement reported
In various high frequency measurements on undopetiere. To eliminate the influence of substrate absorption and
YBa,Cuz0; a broad maximum in the real part of the con- dispersion, we measure both the transmissivity of the sample
ductivity as a function of temperature has been observed bésuperconductor plus substrassd of the NdGaQ substrate
low T.*81This maximum differs from the sharp peak nearalone. From the data, we determine the complex transmis-
T. observed at frequencies of about 10 G2 attributed to ~ sion coefficient
a distribution of slightly differenT’s in the sample. Within
the two fluid model used here to extract the normal conduc- Elw) 1+n
tivity o4(T), the occurrence of the broad peak is attributed - E?(w) 1+n+Zgo(w)’
to a competition between an increase in the normal carrier
relaxation time and a decrease in the number of normal camwheren is the refractive index of the substrate &) ) is
riers with decreasing temperature beldy.! The narrow the transmitted electric field from the reference measure-
peak disappears at THz frequeftimproving the interpre- ments with the substrate alone. With the known film thick-
tation of our measurements. nessd, the absolute values of both the real and imaginary
High-frequency measurements offer a way to study syspart of the conductivityo(T) are evaluated front(w).?
tematically the conductivity in the whole temperature range Since all films ares-axis oriented, the measured conductivity
going (in the underdoped systgnfrom aboveTy to below  refers to the carrier mobility in thab plane only. The abso-
the critical temperatur&.. In this work we study the influ- |ute \(T) values are obtained by fitting the imaginary part of
ence of Pr doping and oxygen deficiency on the complexhe conductivity with the expressian,(T) = L/wuk(T)2.
conductivity and scattering rate of YBCO thin films in the
terahertz regime and compare these results with dc measure-
ments.

@

IIl. RESULTS AND DISCUSSION

The dc-resistivity curves as a function of temperature for
both the Pr-doped and the oxygen deficient samples are de-
picted in Fig. 1. All the resistivity curves show a deviation

The Y;_,Pr,Ba,Cu30, layers are prepared by laser ab- from the linearT dependence below the spin gap temperature
lation on NdGaQ substrates from Pr-doped targets with 0T, where the slope of the resistivity becomes steeper with
< x =<0.4. NdGaQ is chosen as the substrate, because it iglecreasing temperature. The temperaliyhere the devia-
untwinned, in contrast with LaAl@, that has a highly tion occurs, increases with increasing Pr doping or oxygen
twinned structure and influences the transmitted signals in deficiency, consistent with earlier observatiolis1®We also
nonreproducible way. The Pr-doped samples halgaf 88, see a deviation from the linear behavior for the undoped
78, 65, and 52 K, respectively, for=0, 0.1, 0.2, and 0.3. sample at about 120 K, although for a sample with optimum
For the preparation of oxygen deficient specimens, the oxyhole doping the spin gap temperature should coincide with
gen content of the YBgCuzO, samples is reduced by per- the critical temperaturd; following the mean-field phase
forming an anneal and subsequent cooling in a controlledliagram. This discrepancy is possibly due to the fact that the
oxygen pressure, following a constant oxygen content line irundoped film does not have a maximurm.
the oxygen pressure vs temperatupeT) phase diagrarft The real component of the THz conductivity at 1 THz
Three samples are prepared to have an oxygen coptefit for the Pr-doped series of samples is shown in Fi¢s). &nd
about 6.80, 6.65, and 6.40, yieldingraof 75, 55, and 17 K.  2(b). All ¢,(T) data of the different samples show the same
All samples are measured by x-ray diffraction to verify the behavior. First, from 300 K down td a 1/(@+bT) behav-
c-axis orientation and to assure that they have a satisfactoripr is present. AfT,, o4(T) deviates from this temperature
crystal quality. As expected, the-axis of the oxygen- dependence with decreasing temperature reaching a maxi-
depleted layers increases with increasing oxygen deficiencynum at a certain temperature beldw. Theo(T) peak has
The absolute oxygen content is determined fromgfedia- a lower amplitude for samples with a low@&g, which is
gram used for the preparation and confirmed through deterelated to a higher Pr doping and consequently a lower hole
mination of T, by four-probe dc-resistivity measurements. content in the Cu@ planes. The rise of the experimental

The ultrahigh frequency measurements are performed bgonductivity data starting at the spin gap temperature is only
time-domain THz spectroscopy as described in Refs. 23,24lightly influenced by the superconducting transitiorirat
This technique permits the determination of the THz-The scattering rate governing the conductivity seems to de-
frequency complex transmissivity even in the case of ex<rease monotonically, starting from the spin gap temperature,
tremely thin superconductor films and without the need forthrough the superconducting transition.

Il. EXPERIMENT



12504 I. FRANCOISet al. 53
20x10%F T ' ' T Te g —"
0.6x10°
-~ 04 P o
g g FIG. 1. dc resistivity of Pr-
<) | G doped and oxygen deficient
* 02 h samples.
00 ool |
50 100 150 200 250 50 100 150 200 250
TX) T (K)

The temperature dependence ®f is completely deter-

is expected to approach zero because of the vanishing

mined by the temperature dependence of the number of nonormal-carrier density. Since this is not the case here, we
mal carriers and the scattering rate~.1fn order to estimate introduce x,(0) as a temperature independent contribution
the general temperature dependence of the scattering rate, wich accounts for the residual fraction of carriers that have
fitted theo; data with the expression not condensed &t= 0. Thisx,(0) fraction is present in every
YBaCuO sample and is to some extent related to the quality
a1(T)=CX7(T) XXn(T), @ of the sample. The relative magnitude of this fraction was

with C a temperature independent constant. The variation oferified for different Pr concentrations with a microwave
the normal fluid fractionx,, (x,+xs=1) with temperature cavity measurement of theffective surface resistance at 87
belowT is deduced from the temperature dependence of th&Hz, as shown on Fig. 3. The residual surface resistance
penetration depth, which determines the fraction of paired measurement shows the same trend as the high frequency
carriers. measurement with a larger residual uncondensed fraction at

Above the spin gap temperatufg, 1/7 changes linearly higher doping, i.e., at lowef;. This residual fraction is
with temperature in agreement with theory; the normal fluidsometimes subtracted from the conductivity data as a tem-
fraction is 1 at temperatures down ¥. Below T., the  perature independent part of the conductivft§This gave an
normal fluid fraction is given by unsatisfying fit to our data. The residual fractigg(0) scat-
ters like the temperature-dependent normal carrier fraction
(quasiparticlesand was consequently multiplied with the ex-
ponential function of the scattering time. This however leads
to an artificial upturn at the lowest temperatures because in
our fit procedure we assumerlbnly influenced by spin
scattering, rather than by inelastic particle-phonon or
particle-particle scattering. That assumption leads to an arti-
ficial infinite scattering lengthted K and the observed up-
with T andx,(0) introduced as fit parameters. turn.

The decrease of the relaxation rate @llie to singlet pair- We also neglect the influence of the condensation of qua-
ing of the spinons is taken to be exponential, in analogy wittsiparticles on relaxation times or spinon singlet formation
the observed exponential temperature dependence of theelow the critical temperature. This is in contrast to previous
nuclear spin/lattice relaxation rate in YBaCdn a perfect models! in which was assumed that the decrease inkig-
superconductor, the real part of the conductivity Ter0 K low T follows from the decrease in quasiparticle density. If

1 0)](1 MO
[ Xn( )] )\(T)Z
For the scattering rate 4 at temperatures lower thdn,, we
propose the expression

Xo(T)= *Xn(0). )

Ur(T)~exp(T/Ty), (4)

T000F T T T T T H T T T T T T
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FIG. 3. Surface resistance measurement of yPr,Ba,Cu;0,
at 87 GHz.
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the influence exists it may be large for low Pr-doped samples

¢ undoped
with the largest amount of quasiparticles. If spinon pairing is & 10% II’)r j
influenced by the holon condensation any interpretation of M
the data belowT, based on the two fluid model is very _
complicated and our data do not allow such a refined analy-
sis. However, in samples with a loW; and a largeTy our ' ' ' H
50 100 150 200 250 300

approach is justified as reflected by the data, because the

temperature separation betwep and T, is large. In be- T®

tween no holon condensation takes place. In Figa)l 2nd

2(b) the fitting curves following the above discussed formu- FIG. 4. Quasiparticle scattering raterlat 1 THz for the Pr-

las are shown, witily and x,(0) as fit parameters summa- doped samples.

rized in Table | together with the spin gap temperatilige

and the critical temperatufk, . If we compare thd; values

with Ty, we see that they follow the same trend and hav : . . i

comparable values at different Pr concentrations. conducting ﬂu'd. fraction, resp_ectlvely. .
This analysis of the THz-conductivity data shows that two The penetration depth(0) in Egs.(5) and(6), Obta'f‘ed

independent mechanisms are responsible for the normal sta&é’m the s, data, represents the total number of carriers

where o is the angular frequecy of the incident radiation;
&n and x are the temperature-dependent normal and super-

resistivity and the superconducting transition, as was already'¢ Plasma frequengyn an indirect way. It is assumed for
suggested by Anderséh.The superconducting transition 'S approxmatlo.n that all carriers are condens_ed”efcto.
only influences the conductivity by decreasing the number ofl "€ &ffect of setting,(0)=0 leads to an overestimation of
normal carriers, but it does not affect the way they are scatt® Penetration depth(0) and an underestimation of the
tered. The position of the maximum in the conductivity is C2(Ti€r number or plasma frequency.
completely determined by the normal carrier content, which !N Fig. 4 the resulting scattering rate of the Pr-doped
is dependent off,. That explains why all the conductivity S@MPIes is displayed as a function of temperature in a semi-
peaks coincide when scaled with . Ioganthmlc plot. A clea_r steplike drop is observed in the
The obtain a rough estimate of the absolute value of th&Cattering rate at the spin gap temperature, below which the
scattering rate, the conductivity data can be fitted with Lcattering rate starts to decrease faster with tempe_rature. The
modified Drude formula, according to Borat al®: slope of the curves beloW, becomes smaller for higher Pr
concentrations, compatible with the increaseTgfwith in-
r creasing doping found in the fitting results of Table 1. The
= 021 F o2 X (5) scattering rate above the spin gap temperature is linear with
oM (0)*(1+ w"7%) T and decreases continuously with increasing Pr doping.
and This decrease of the scattering rate with increasing Pr doping
is surprising, if we consider the results from infrared-
2o 1 reflectivity measurements on oxygen deficient crystls.
o= > 5= X+ —Xg (6)  They report an increasing scattering rate with reduced oxy-
#oMO)(1+ ™) " 1ok (0)%w gen content, a result which is clearly inconsistent with our
TABLE |. Critical temperatures deduced from the dc measure-reSUItS for Pr-doped YBaCuO. .
ments and parameters from the fits in Fig. 2. We have to be careful,. however, when.comparmg the ab-
solute level of the scattering rate for the different Pr concen-

01

X T, T, T, %,(0) trations, dug the error in the determin_ation of the carrier
number, as indicated above. Moreover, it has been suggested

0 88 82 115 0.25 that the two fluid model may not be completely adequate to

0.1 78 127 145 0.48 deduce the scattering rate from the conductivity data.

0.2 65 151 155 048 The oxygen deficient samples show the same conductivity

0.3 52 188 190 0.7 behavior as Pr-doped samples as shown in Fig. 5. The real

part of the conductivity of both series of doped samples can
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FIG. 5. Real part of the conductivity at 1 THz as a function of
temperature for O-deficient samples.
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be scaled withT. as shown in Fig. 6, and it is found that all FIG. 7. Phase diagram showirfg, and Tge (T in the under-

curves reach their maximum at about 08. The coinci-  doped regionof Pr-doped and O-deficient YBCO.

dence of the scaled conductivity peaks beldowin both the

Pr-doped and the oxygen deficient samples and the similagen content two phase transitions take place in going from

exponential decrease of the scattering rate below the spin gape strange metal phase to the superconducting phase via the

temperature indicates that the fundamental scattering mechapin gap phase.

nism does not change when we add praseodymium or re- To stress the relationship betwed@gy and T, we have

move oxygen. added both values to the diagram. It is also clear from this

In Fig. 7 we represent the data of the Pr-doped and théigure that the spin gap temperatures found for a fikedre

oxygen deficient samples in the mean-field phase diagramsimilar in both components. In this analysis, the Bose-

The hole content for the different doped samples is calcuEinstein temperatur€ge is identified with the observed criti-

lated from theT, values following an experimentally deter- cal temperaturd@,, since for underdoped samples supercon-

mined universall.-hole content relation for the highi; ox-  ductivity sets in affgg, following the phase diagram.

ides, as was proposed in Ref. 30. We observe that as a Alternatively the spin scattering mechanism and the spin

function of temperature for a fixed Pr concentration or oxy-gap phenomenon are described by a model developed by
Sokol? in which the existence of two types of low energy
excitations in the high, cuprates is proposed: antiferro-
magnetic(AF) spin wavegspinonsg which carry spin-1 and

no charge and Fermi-liquid-like quasiparticles which carry
o . Pr BaCuO spin-_1/2 and charge. The scattering be_havior is again_ de-
I Lt ] termined by scattering of the quasiparticles by the spinons.
@ In the completely insulating parent compounds of YBaCuO
- 5000 ;v’,y o /x 1 . and LaSrCuO, where long range AF order exists, only spin
€ 000k ag J'v'@ i waves are present; in the overdoped compounds the quasi-
g v °°°;°., Ao particles form the only excitations. In the strange metal
& 3000-gs,0 [ *0° V; Zi ° 1 phase, both excitations are present, but the contribution of
2000_03: oo : O S | the quasiparticles to the spectral weight of the low energy
A T excitations is very small in comparison with the spin wave
T T T T T T contribution. The spin gap is originating from a suppression
0 1 2 3 4 5 . . i
of the low frequency spectral weight for the spin waves: at
a4 YBaCuO frequencies_ below the spin gap;Azclg (yvith c the spin
25001 e |o y | wave ve!omty andg¢ th_e magnetic correlation lengthonly
: o, the quasiparticle contribution is left, above the gap frequency
TE 2000r.e 0| o5 / y ¥ . both spin waves and quasiparticles contribute. Upon increas-
g 1500 4 , | ing hole doping(higherT,), the spin gap increases because
= ' o'g t the magnetic correlation length decreases. Although this
© 1000 ° |® v s, ol RN phenomenological analysis looks very attractive, it implies a
500 - spin gap temperature which increases with increasing hole
! ! ! ! ! ! doping, in contrast with our experimental observations.
0 1 2 3 4 5 The observation that the conductivity behavior of Pr-
TrT, doped YBgCu;0- is similar over the whole temperature

range leads to the affirmation that the only influence of the Pr
FIG. 6. Real part of the conductivity at 1 THz as a function of ion is depleting carriers from the Cuplanes. If magnetic
the temperature for Pr-dopddpper pant and O-deficient YBCO  pair breaking would be the origin of the suppressionTpf
(lower par} scaled withT... as was proposed previousiwe should see a difference in
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the conductivity behavior below the critical temperature. , : :
From these measurements, in which we are able to check the 120k »
interplay between the superconductor and the magnetic im- 12x10°
purity in the superconducting state, it seems that the mag- 1.0
netic properties of the Pr ion are not of importance here. 1001 3 o5}
About the mechanism of the carrier depletion by Pr, we can- 0 10 20 30 40
not draw conclusions from these experiments; hole filling by 80} Pr-doping (%)

a tetravalent Pr ioR® hole localizatior?*=3° or transfer of
the holes from the Cu-Opdo band into a new state
[Fehrenbecher-Rice(FR) statd originating from Pr-O
hybridizatiort’ 8 all remain valid possibilities.

A second proof of the change in carrier concentration
upon adding Pr is obtained by comparing the normal state
Hall angle as a function of doping in both Pr-doped and
O-deficient samples. In the framework of his spin-charge
separation theory, Anderson has discussed the normal state ok +
Hall angle in the highF; oxides when in-plane impurities are 0 20 40 60 80  100x10’
introduced’® One can distinguish two different electronic T (K)
relaxation times: the transport relaxation time discussed
above and a transverse relaxation time which shows a qua- _ )
dratic temperature dependence{écT‘z). The transport re- FIG. 8. Hall angle for Pr-doped films calculated with the Hall
laxation time is determined by scattering between holons angumber data of Matsudet al.
spinons, while the transverse relaxation time depends on
scattering between spinons alone. The Hall angle is only de- We estimated the Hall angle behavior for the Pr-doped
pendent onr, , following cot@®,,)1/7,=T2. Since spinons layers using our resistivity data and the Hall-number data
can interact with magnetic impuritiséound spinons the  Published by Matsudat al™* In Fig. 8 the Hall angle cotan-

(%)

o (UT?)

60 -

Cot@=p/(R,B)

¢ 0%Pr

¢ 10% Pr
+ 20%Pr |
< 30% Pr
4 40% Pr

final formula for the transverse scattering rate is gent is shown for the different Pr concentrations. Tie
behavior is clearly present, as well as a slope variation as a
Ury=T2IWg+ 1i7y, (7)  function of doping. The slope decreases with increasing Pr

) ] ) o ~_ doping, in a similar way as has been observed for the oxygen
whereW; is the bandwidth of the spin excitations, which is geficient samples. The interceft=cot®, (T=0 K) re-

of the order of the superexchange constinand 1fy the  mains practically constant as a function of doping.
temperature independent impurity contribution. The Hall \when we classify the different doped oxides following
angle cotangent is then their Hall cotangent behavior, two main groups can be dis-
tinguished: the oxides in which the carrier density in the
CuO, planes is unaffected, exhibiting a constant slope of the

with C the temperature independent impurity contribution.!"aII cotangent as a function of temperature, and the oxides

. in which the carrier density is modified by doping, showing a
The slope of the Hall angle cotangent shows the proportlonHaII cotangent with a doping dependent slope. Both the Pr-

cot®y,=aT2+C, €))

lit ot
any doped and oxygen deficient YBau;O, samples, as well
n as, e.g., Co-doped YB&u;_,0-,* belong to the second
aBocW, (9)  group in this classificatiofiCo substitutes for Cti" in the
S

chains and depletes carriers in the planegile Zn- and
with n the carrier density. This theory has aIreadyNi'dc’ped sa_mples follow the fi.rst_ pict_ure. These two groups
been applied to Zn-doped and oxygen deficient yBacucPf doped OXI.deS can al_so be distinguished when we cor_1$_|der
films. Zn as a dopant does not significantly change thd1€ magnetic properties: Pr-doped and oxygen deficient
carrier concentration in the plan&s;the Hall angle of 'B@2CusO7 show a long range antiferromagnetic ordering
YBa,Cus_,Zn,0-, shows aT? dependence with a constant gt high Pr contents or high O deficiency, wggereas this order-
slope but with a systematic increase of the temperature indd?9 does not occur in Zn-doped YB@uU30;.

pendent contributiorC with increasing Zn content, indicat-
ing the presence of local spin impurities due to the Zn
doping?® For oxygen deficient YBgCu30, films, a system-
atic decrease of the slope was observed with decreasing oxy- Pr-doped and O-deficient YB&u3;0O-, exhibit a similar

gen content? The temperature independent contribution  conductivity behavior as a function of doping, for tempera-
remained nearly constant fgr<6.6 and increased suddenly tures below and abovE;. All samples exhibit a peak in the
for lower oxygen contents, accompanied by a sudden drop ireal part of the THz conductivity as a function of tempera-
the mobility. Wuytset al. observed a linear relationship be- ture, at a value of about 0.8%. The peak in the conductiv-
tween the productrB and the hole content in the material, ity can be understood in a model that predicts the suppres-
and concluded that applying Anderson'’s theory the superexsion of the low energy spin excitations, and hence of the
changel (or the spinon bandwidjhshould remain constant relaxation rate, below the spin gap temperature. Above the
as a function of hole doping. spin gap temperature, which is doping dependent, both the dc

IV. CONCLUSIONS
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resistivity and THz conductivity curves are linear in tem- of Pr doping or O deficiency, analyzed with Anderson’s
perature. The superconducting transition has no significarmodel, as opposed to, e.g., Zn-doped ¥Ba;0,, yields
influence on the scattering rate, which suggests that the nofurther evidence for this observation.

mal state resistivity and the superconducting transition are
governed by two different, independent mechanisms.

The spin gap temperature is similar for a fixédin both
types of doped samples, indicating that the spin gap is com- We thank S. Hensen and H. Piel of the Bergische Univer-
pletely determined by the carrier density. The similarity be-sita Wuppertal for the microwave cavity measurement. This
tween both types of samples indicates that the only effect ofvork was supported by the Belgian Impulse Programme for
the Pr ions is the depletion of mobile carriers in the GuO High Temperature Superconductivity and the German
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