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Hall effect of YBa,Cu;0,_; single crystals
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For a number of YBgCu;0,_ 5 single crystals with various oxygen concentrations and differing values of the
zero magnetic-field critical temperatufg,, the Hall effect has been investigated between 10 and 300 K by
applying magnetic field$llic and currentd L c, wherec denotes the direction perpendicular to the Cu-O
planes of this material. These measurements yield that the sign change of the Hall voltage Tlgseaties
with § and eventually disappears in heavily oxygen-depleted,€B#D;_ s single crystals. Such behavior can
qualitatively be explained by a model calculation based on the time-dependent Ginsburg-Landau theory. In the
normal state, we find that the Hall coefficidRf, and the Hall angle&dy vary anglocT and cotyxT2 in an
extended temperature range, as has previously been found for fully oxygenatesgCu¢Ba and
YBa,Cu;_yM,0O; (M =Ni, Zn). Deviations from these behaviors for b(Rt,jl and coté are observed below
a characteristic temperatufé, wherebyT* increases with decreasifig,, i.e., increasing oxygen depletion.

This implies a temperature-induced variation of the normal-state electronic spectrum and/or the scattering
parameters governing the electronic transport of this material.
[S0163-18298)04221-7

I. INTRODUCTION the anomalous Hall response in both the mixed and the nor-
mal state of a given superconductor is not fully understood.
The Hall effect of highT, cuprates has been studied ex- In an attempt to enhance the data base for improving the
tensively in both the mixed and the normal state. Numerouginderstanding of the Hall anomalies and their relation with
experiments with nearly optimally doped cupratediave the doping level, we have measured the Hall effect on a
shown quite generally that the inverse of the Hall coefficientfiumber of YBaCu,O;_; single crystals with differing oxy-
R;l varies linearly with temperature in the normal state but9e" concentrations and hence differing values of the critical
changes its sign at temperatures in the vicinity of the zerol€MPeratureTe, between 39 and 91 K. Our experimental
field superconducting transition temperatuFg,. Recent results reveal a general trend in the temperature variations of
studies on La_,SL,CuO, (Ref. 3 and YBaCwO;_ ; (Refs. the Hall parameter_EH and 6y, in both the mixed and normal
4-6) showed that at doping levels away from optimal con-‘c'tate upon changing the oxygen content. We compare our

diti | 4 deviati T data and results of our analysis with theoretical mddets
itions, more or less pronounced deviationsp(T) from and other similar or related experimental findiigé2°-

the above sketched behavior are observed at temperaturgsy e identify both agreements and disagreements with re-
above and belowl,. This is of importance because the gpect to observations of anomalous features of the Hall effect
above-mentioned temperature variations of transport propefp, the mixed and the normal state of underdoped
ties have been matched with theoretical predictions aiming ayg5,Cu,0,_ 5 in this and other work.

characterizing the unusual nature of these conducting cu-
prates. Additional measurements have demonstrated that for
hole-type cuprates the magnitude of the negative Hall con-
ductivity close to T, increases with increasing pinning Using the technique described in Ref. 2, the in-plane lon-
strength’~® suggesting that the sign change of the Hall volt-gitudinal voltageV,, and the in-plane Hall voltag¥,, of

age is also related to pinning-induced backflow of chargeseven monocrystalline YB&u;O,_s; samples have been
carrierst® Furthermore, the normal-state Hall efffc?and  measured. The dc currehtand the magnetic fieltH were
NMR measurementd on Zn-doped YBsCu;_yZn,O;_s  applied perpendicular and parallel to theaxis of the crys-
suggest that Zn doping only creates in-plane disorder withoutals, respectively. In this study, we selected a YBa0O;_,
affecting the temperature dependences of the transport coedingle crystal withT,,=90.5 K, which was grown by the
ficients or the carrier density, although the valueTgf dis-  method described in detail elsewhétén order to adjust the
tinctly decreases with increasing Zn content. In a more recerixygen content, the single crystal was cut into three pieces.
report* it was claimed that varying the oxygen content of One of them was labeled as sample | with the dimensions of
YBa,Cu,0;_ s material is roughly equivalent to substituting 2.2<1.0x0.2 mn?. Of the two others, one (1:00.5

Zn for Cu and it was argued that Zn or oxygen doping mayx 0.2 mn?) was annealed in a tube furnace in flowing, O
not affect the normal-state spin-fluctuation spectrum ofand the third (0.5 0.4x 0.1 mn?) was annealed in air. This
YBa,Cu;_yZn,0;_, All these controversial experimental resulted inT.,=91.0 K for sample Il and 84.0 K for sample
results and their interpretation indicate that both the experitll, respectively. By subsequent annealing of sample | at
mental and the theoretical situations regarding the influenc850 °C in Ar atmosphere and altering the annealing time, we
of doping on the Hall effect are not settled and the origin ofvaried theT.q values of the same piece of crystal. This pro-

II. SAMPLES AND EXPERIMENT
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175 o — T tually, py, for samples 1-IV changes sign. Below the nega-
5ol H=5%5 kOe ) tive maximum, p,, again increases and finally essentially
- . 30K vanishes. For samples V-VIp,, continuously decreases to
b o B3K 7 zero without experiencing the sign reversal aroiiggl. Our
g ol $ R | data shown in Fig. (B thus indicate that the negative Hall
g sl 5 84K ] resistivity atH =55 kOe is only observed for samples I-IV
&

with values ofT, exceeding 72 K. We further note that the

amplitude of the negative maximuho;“y"‘| also depends on

the oxygen content. Starting from,, of the optimally doped
material, | pyy'| initially increases with decreasir@c, then
WAY decreases and eventually disappears. This confirms the data
a5l ’ v reported in Ref. 6, wherp,, displays no negative anomaly
b for YBa,Cw,O5_ 4 single crystals withT.o=<75 K at any ap-
plied field. A very similar behavior is also observed in
La,_,Sr,CuQ,, if the doping is varied by changing the value
of x,% suggesting that quite generally the Hall response of
high-T, cuprates in both the superconducting and normal
state strongly depends on the doping level.
& ] Concerning the issue of the sign reversal of the Hall re-
050 | $ ] sistivity in cuprate superconductors, the models for its expla-
st — nation that have been proposed so far have not given an
''''''''''''''' exhaustive description, although numerous attempts have
e been made to explain this unexpected phenomenon. It has
been suggested, for instance, that the flux pinning in the
mixed state may induce a backflow of charge carriers and
therefore cause a negative contribution to the Hall voltdge.
For YBaCu0,_;, it seems established that the pinning po-
FIG. 1. Temperature dependences of the in-plane Hall resistivitfential increases with increasing i.e., decreasingl .
Py (@) and longitudinal resistivity, (b) between 10 and 300 K for  Therefore, if the negative Hall resistivity simply arises from

samples I-VII. All data were taken &t=55 kOe. flux pinning, one expects th$p;“;”| increases with decreas-

ing T.g. Our data reveal a nonmonotonic dependence of

cess lead to sample IV with B, of 78.0 K and samples V, |pyy’| on &, indicating that the pinning strength cannot be the
VI, and VII with T,=72.0, 53.0, and 39.0 K, respectively. only reason for the negative Hall anomaly and confirming
The annealing process indicates that the increase/decreaseR§@Vvious arguments in Ref. 15. _

T is due to the increase/decrease of the oxygen content of Another explanation of the origin of the sign change of
the sample, i.e., an enhancement of the oxygen deﬁcigncythe Hall resistivity involves a two-band scenario with both
results, as is long well-known, in a reduction Bf,. For  electron- and hole-type carriefd?’ According to Ref. 26,
ensuring Consistency"co for all Samp|es studied was defined the electron and hole carriers respond dlfferently tO- VE.lrla-
as the highest temperature at which the zero-field longituditions of the temperature and, naturally, to the magnetic field,

nal resistivityp,,(H=0) is zero within experimental resolu- and her)c;e the sign of the Hall rgsis';ivity is determined_by t_he
tion. competition of these two contributions. Based on this pic-

ture, the sign reversal of the Hall resistivity is expected to be

more pronounced if the hole-carrier concentration of a hole-
Ill. RESULTS AND DISCUSSION type superconducting cuprate like YEarO,_;is reduced.
Since the decrease of oxygen content in YB&0O,_; is
generally considered to lower the hole concentration, our ex-

In Fig. 1(a), we display the temperature dependence of theperimental result is obviously not consistent with this two-

Hall resistivity p,, between 10 and 300 K for seven band model over the whole concentration range.
YBa,Cu;0;_ s samples. The longitudinal resistivipy, in the According to our experimental observation, there is no
same temperature interval is shown in Figb)l For easier doubt that the sign change of the Hall resistivity is, at least
comparison, all these data were takerHat 55 kOe. It may partially, controlled by the doping level. A model calcula-
be seen in Fig. (B) that, without exception, at high tempera- tion, based on the time-dependent Ginsburg-Landau equa-
turesp,, is positive and increases with decreasingAll the tion, reveals that the Hall effect in the superconducting fluc-
pxy VS T curves are shifted upwards asncreases, i.e., the tuation regime may be explained as a result of the electron-
doping andT., decreases. This is consistent with previoushole asymmetry near the Fermi level and that the sign of Hall
results observed for oxygen-depleted ¥Be0O;_5 single  conductivity is determined by the sign aN(0)/du (Ref.
crystal$* and films® which established that the decrease 0f28) or d In T./dIn u,?° whereN(0) is the density of elec-
T.o is caused by a decrease of the hole concentration. Atronic states at the Fermi level apdis the chemical poten-
temperatures approaching the respecliygfrom abovep,,  tial. Several theoretical groups*’ found that the Hall con-
for all samples gradually decreases with decrea$ingven-  ductivity in the fluctuation regime, both above and below

o h
=)
—

‘otdda R X
O
X

----------

N
= =
——T—
% °
o

0.75 |

Pxx (MmQem)

) ) 1 .
150 200 250 300

T (K)

o 50 100

A. Superconducting state and sign reversal of the Hall voltage



13874 R.JIN AND H. R. OTT 57

Teo, is the sum of two contributions. Depending on the tem- 100 , . , . .
perature regime, the total Hall conductivity,, may thus be
written as

fl
Oxy= OyyT O'QV, T>Teo, (18

Oyy=0yto=C1/H+Cy-H, T<Ty. (1b

The first terms on the right-hand side of E¢$a and (1b) -~
are due to the electron-hole asymmetry near the Fermi level !
The second terms represent the normal-state Hall conductiv'_‘p
ity which, below Ty, applies for the quasiparticles in the
vortex cores. The parameter€, and C, are field- ~
independent constant32® In Refs. 15, 17, and 30, the mo- b?

tion of quasiparticles inside the vortex cores has been treatec  -100}

by regarding a cylinder of material in its normal state, im- ‘ e zglé
plying thatol] is essentially given by, . The signs of the e 12K
fluctuation-contributed Hall conduc’[ivityﬂy aboveT.y and -150 e ;zg |
the Hall conductivityo;, in the mixed-state are controlled by A o 905K

the imaginary part” of the order-parameter relaxation time, mse 91K
which is related taJN(0)/du.® The Hall-voltage measure-

ments on nearly optimally doped YBau;O, s (Refs. 24 2098 11 12

and 31 and Bi-based superconducting Cupré%ehave
shown that the experimental data at temperatures close above
and below T, can be well described by E@lb), except in FIG. 2. Temperature dependence of the Hall conductivityas
the low-field regime. The decomposition of these experimena function of T/T,, between 0.8 and 1.2 for samples |-VII. All data
tal data using Eq(1b) confirms thatC, is negative and, as were taken aHH=>55 kOe. The dotted lines are to guide the eye.
predicted theoretically for hole-doped cuprate superconduct-

ors, C, is positive. The negative sign @, eventually leads may expect the same general variationod) in the mixed

to the sign change of the total Hall cqnductivity. In vigw of state. This was indeed verified for L8,Sr,Cu0,.® Our data
the above-mentioned model calculatidfis;’ the negative  shown in Fig. 2 thus imply that, at a fixed relative tempera-
sign of C, implies thaty”>0 or N(0)/du>0. Recently, @ 16 T/T ,<1, the magnitude of the negative,, increases
systematic study of the Hall conductivity in 4aSKCUQ,  yith increasingT,, except for sample Il with the highest
(Ref. 3 has demonstrated that, beloo, C; is always \giye of T.,. Thus the maximum negative contribution to
positive and increases monotonically with increasingt a ;. i found for nearly optimally doped material, consistent
fixed T/Tco<1. However, the sign o, depends on the it the results obtained for La,Sr,Cu0,. This confirms

doping levelx. It is negative in the under- and slightly over- that also for YBaCWO s "depends sensitively on the
doped region but is positive in the heavily overdoped regionp, oo concentr%tiggn 7-5 Oxy C€P y

The magnitude o€, varies nonmonotonically witlk. With
increasingx, C, initially decreases then increases again.
In Fig. 2, we emphasize the temperature dependence of
the Hall conductivity o~ pxy/pfx of YBa,Cuz0;_5 in a One way to discuss the normal-state Hall response of
fixed magnetic field close td.y. In order to facilitate the high-T, cuprates is offered by comparing the experimental
comparison,o,, is plotted as a function of /T, between data with the theoretical model proposed by AnderSoim,
0.8 and 1.2. It may be noted that, above about T,950,, this model, the temperature dependence of the Hall coeffi-
is positive for all samples and slightly increases with de-cientRy in the normal state is predicted to vary as
creasingT. Below 1.09,, oy, for samples V-VII stays
positive and continues to increase with decrea3inth con- Ry'=AT+B, T>Tg. 2
trast, oy, for samples -1V decreases and changes sign as the _
temperature is reduced. In these cases, the negative contribdere,A andB are temperature-independent constants. It has
tion to the Hall conductivity is large enough to dominate thebeen found that Eq2) describes the experimental data quite
total Hall conductivity just belowT.,. Considering the Well over a wide temperature range for the optimally doped
above-mentioned two-component maddet’ and previous high-T. materials. In order to test the validity of E() for
experimental results®%243134he dominant negative contri- underdoped materials, we have converted our data shown in
bution to o, below T, ought to be attributed to the mixed- Fig. 1(@) into R '=H/p,y. In Fig. 3, we have plotted the
state Hall conductivityoy, . At a fixed value ofT/T,<1,  temperature dependences Ry for samples I-VII. At all
Fig. 2 shows thatr,, generally decreases from positive to temperatures betweén,, and 300 K, the magnitude cﬁ;l
negative then increases with increasifig, except for decreases with increasing oxygen depletion. For all samples,
sample VII. Sinceery increases with increasing holexy- Ry ! varies approximately linearly witil at temperatures
gen concentration in the normal stateee Fig. 2ando,,  exceeding a characteristic temperatdr&(s), which in-
varies smoothly through the superconducting transition, wereases with decreasing oxygen concentration. Hence for

B. Normal-state Hall effect
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FIG. 3. Temperature dependence of the inverse Hall coefficient F|G. 4. Temperature dependence of the Hall angledgdbe-
Ry" betweenT, and 300 K for samples I-VII. The solid lines are tweenT,, and 300 K for samples I-VII. The solid lines are fits to
fits to experimental data above* (see text using Eq.(2) for  experimental data abovE* using Eq.(3) for sample Il and VI,
sample Il and VII, respectively. respectively.

T>T*, theRy" vs T data may be fitted with Eq2) and we  reases with decreasifigy, i.e., with increasing oxygen de-
find that the corresponding slope decreases from 0.43 to ficiency &, except for sample IV. The value of however,
0.04 kOe/u) cm K asT, decreases from 91 to 39 K except shows an opposite tendency, consistent with the observation
for sample IV. In contrast, the parametBrgenerally in-  on thin films of oxygen-deficient YBEW;0,_ 5 (Refs. 5, 34
creases with decreasinB,,. Thus the suppression dfco  and underdoped La,Sr,CuQ,.*® We recall that, for Zn-
results in a suppression of t'he. “Hall coefflment Slop&’ doped YBaCu;_,Zn,0;_ a differenta variation with T
and an enhancement &. Similar correlations were ob- \as observedt
served in Zn-doped YB&Us-,Zn,O, (Ref. 11 and oxygen- According to the mentioned model calculatir®® the
deficient YBaCusO,_ thin films > coefficienta is proportional to the carrier density Our data
For our samplesR;;* gradually deviates from the linedr  thus confirm that the decrease of oxygen contdatreasing
dependence beloW*. As may be seen in the inset of Fig. 5, T.;) not only enhances the defect-scattering manifested by
to be discussed later, the value ®f systematically in- an increasing value g8, but also reduces the carrier density
creases with decreasinig,. This is in conflict with the re- n (decreasinga), which coincides with the decrease of
sults presented in Refs. 12 and 14, whetedoes not change R, *(T) upon oxygen depletion in the normal state.
with Zn or O doping in YBaCus_,Zn,O;_, althoughTeo Our data and previous observatiohs>* provide support
rapidly decreases with increasiggor &. for the validity of Eq.(3) in a restricted temperature range
Anderson’s modéf is also predictive with respect to the which by itself is material dependent. Similar as in the case
temperature dependence of the Hall angle. The relevagf R, ;*(T), we note a characteristic temperatdre, below
equation Is which coté, deviates from the simpleT? dependence.
) Again, T* increases a3y decreases and we note that the
cot Oy =aT"+ B, 3 1% values from both théR;,;}(T) and cotdy(T) plots coin-
where @ and the impurity-induced contributior3 are cid_e within some uncertainty Iim_itSs_ee the inset _of Fig.)5
temperature-independent constants. The Hall afglenay T Nis suggests that the value Bt is simply a function of the
be obtained from Cofiy=p,/pyy - I Fig. 4, we show plots of doping level. Thus, in Fig. 5, we ha\_/(f plotted the sample
cot 6 versusT2 for samples I-VII. For each sample, the dependence of* obtained from bottR,,*(T) (crossesand
data fall on an approximately straight line in the high- COt 64(T) (open circles curves as a function d®;*(200 K),
temperature range and hence our experimental data may Méich may be taken as representing the carrier concentration
fitted by using Eq(3) at high temperatures. As expected, weof the investigated specimens. For comparison, the corre-
find that bothe and 8 are sample dependent. We confirm thesponding values off; vs R;;*(200 K) (solid circleg are
previously demonstrated treHd? that the value of3 in- included in Fig. 5. The plots in Fig. 5 clearly
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250 : - : - - - : - as to reveal the onset of a gap formation in the spin-
W ; excitation spectrum of YB&£u;0;_ s with varying oxygen
] concentratiorf:?? Likewise, measurements of the in-plane
f | electrical  resistivity® optical spectroscopy, and

i " Raman-scatterirf experiments reveal anomalies in the nor-

o 3 mal state of YBaCu;O,_ 5 samples. As may be seen in Fig.
% 140} o oo™ ; ] 1(b), the temperature variation of our, data is close to
k

180 |

e
S
S
T" (X)

: fij;lm linear for all samples at high temperatures. Deviations from
o NMR ¢ ¢ { this behavior are again observed at temperatures b&fow
Ls “fons'og — For samples 1-V,p,.(T) decreases faster beloW* than
T, (K) above. This is not true for the two samples with the lowest
\ 1 values of T,y. The trend towards an increasing, with
k decreasing is most likely due to an interfering contribution
100 + @ § of the c-axis resistivity, which is increasingly nonmetallic in
,,,,,,,,,,,,,,,, ° the normal state of heavily underdoped ¥%Ba;O,_5* Our
e data confirm the previously published cldifof an increase
of T*, as deduced fronp,,(T), with decreasing oxygen
content, i.e.,T.o. The comparison of oul* values with
those derived from the unusual normal-state behavior of the
electronic specific heat, NMR data, and results of neutron-
scattering experiments are shown in the inset of Fig. 5. We
note that the values of* obtained from a variety of inves-
00 0 4'0 BT — 100 tigations on many (_jlfferent sa_mples ;how the same general
trend of increase with decreasing doping level. This suggests
R}il(2OOK) (kOe/uQ-cm) that all the reported anomalies of the normal state are of the
same origin, depending on the oxygen doping level in
FIG. 5. Characteristic temperatur€* deduced from both YBa,Cu,0,_5
Ry *(T) (crossepand cotdy(T) (open circles (see text and the Theoretically, Nagaosa and L¥8epredict that the pair-
zero:flield supercopdupting transition temperaﬂ]g@ as a function  formation temperatur&,, of spinons and the spin pseudogap
of RH_ (200 K) (solid circles. The dotted lines are to gglde the eye. Asmm decrease with increasing hole concentration,
;ﬁ?(_'rr;sgrosszc:’;scg?g dependenc_:eltﬁ on ICO Obtam?d flrom and thatT > T,q for underdoped materials. Thus, we expect
H ) g H(T).(Op.e n circles; p,o{T) (open triang €5 that the spin gap, for YB&u;0,_; decreases with increas-
electronic specific hedsolid diamonds NMR (empty diamonds . . ' .
and neutron scatteringsolid triangles. ing oxygen concentration an_d finally dlsappears_for fully
oxygenated material. As mentioned above, evaluations of the
electronic specific he&f, and observations in NME&
demonstrate that for low doping the distinct decreas&gf Ramar® and optical conductivity measuremetitshave
with increasings is complemented by an equally strong en-demonstrated this trend. In view of the evidence accumulated
hancement of T*. With increasing R;*(T) or doping, in the present study, we conclude that also the Hall-effect
T.o(8) andT*(68) gradually approach each other and finally data provide further support for this view. For nearly opti-
coincide for nearly optimally doped material. This result is in mally doped sampled;* virtually coincides withT ., and in
very good agreement with a previous report in Ref. 4. this case the deviations d&®(T) and cotd,(T) are most
In order to relateT* (8) deduced from these Hall-effect likely due to superconducting fluctuation effects that are
measurements with other experimental observations concerteken into account by Egla and have been discussed
ing underdoped YB&u,0;_ 5 we consider anomalies in the earlier>!®> WhetherT* really marks the onset of a spinon-
temperature dependences of other physical properties thpair formation cannot unambiguously be concluded from the
have been reported in the literature and presented in thikesults presented above.
paper. In view of previous theoreti¢&f®3"and experimen-
tal work;*?*?2%the most plausible and most frequently dis- IV. SUMMARY AND CONCLUSION
cussed scenario for causing the anomalous normal-state
physical properties of cuprates is the scattering of charge Insummary, we have made a systematic study of the Hall
carriers by spin fluctuations in the Cu-O plane. Both NMReéffect of YBaCu;0;_; single crystals with varying carrier
(Ref. 21 and neutron-scatterift)(NS) measurements sug- concentrations and hence different value§ gf. The quan-
gest that antiferromagneti@F) correlations lead to a spin tities related with the Hall effect are very sensitive to the
gap in the normal state of underdoped superconducting cipxygen content in both the mixed and the normal state. The
prates. For YBgCu,0;_5 Loram and co-workefS8 claim to  sign of the Hall conductivity below o, is most likely deter-
have found that the electronic specific-heat parametes  mined by details of the electronic structure at the Fermi
temperature dependent and exhibits a broad maximum aevel, which obviously varies with the itinerant carrier con-
temperatures abovE,, for underdoped material. This maxi- centration. In the normal state, bot), }(T) and coté(T)
mum is seen to shift to lower temperatures with increasingghow simple temperature dependences at high temperatures
oxygen content. The results obtained from NMR and inelasbut deviate considerably from this behavior beldi¥,
tic neutron-scattering experiments have also been interpretagherebyT* increases with decreasing oxygen content. The
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