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Hall effect in Zn-doped YBa2Cu3O72d revisited: Hall angle and the pseudogap
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The temperature dependence of the Hall coefficient is measured with high accuracy in a series of
YBa2(Cu12zZnz)3O6.78crystals with 0<z<0.013. We found that the cotangent of the Hall angle, cotuH , starts
to deviate upward from theT2 dependence belowT0 (;130 K), regardless of the Zn concentration. We
discuss that this deviation is caused by the pseudogap; the direction of the deviation and its insensitivity to the
Zn doping suggest that the pseudogap affects cotuH through a change in the effective mass, rather than through
a change in the Hall scattering rate.@S0163-1829~99!50346-9#
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The strong temperature dependence of the Hall coeffic
RH of the high-Tc cuprates has been considered to be one
the most peculiar properties of their unusual normal sta1

The rather complex behavior2 of RH(T) can be turned into a
simpler one by looking at the cotangent of the Hall angl3

cotuH[rxx/rxy; it has been shown that cotuH of cuprates
behaves approximately asT2, regardless of material4 and
carrier concentration.2 This remarkable simplicity in the be
havior of cotuH led to the idea3,5 that cotuH reflects a Hall
scattering ratetH

21 , which is different from the scattering
rate t tr

21 governing the diagonal resistivityrxx . There are
two physical pictures to account for this apparent separa
of the scattering rates: One picture considers that two dist
scattering timest tr andtH , possibly associated with differ
ent particles, govern different kinds of scattering events5,6

The other picture considers that the scattering time
strongly dependent on the position on the Fermi surface~FS!
and thatrxx and cotuH are governed by the scattering even
on different parts of the FS.2,7

Separate from the above development, it has becom
common understanding8,9 that in underdoped cuprates
pseudogap in the density of low-energy excitations is de
oped at a temperature much higher than the supercondu
transition temperatureTc . In underdoped YBa2Cu3O72d
~YBCO!, the in-plane resistivityrab shows a clear down
ward deviation from theT-linear behavior below a tempera
ture T* , which has been discussed to mark the onset of
pseudogap.10 This T* is notably higher than the other cha
acteristic temperatureTg determined from the onset of a su
pression in the Cu NMR relaxation rate,11 which has also
been associated with the pseudogap. The presence of
different temperature scales,T* andTg , is intriguing. It was
proposed recently that at the upper temperature scaleT* the
CuO2 plane starts to develop local antiferromagne
correlations8 or charged stripe correlations;12 the lower tem-
PRB 600163-1829/99/60~22!/15055~4!/$15.00
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perature scaleTg corresponds to the opening of a more r
bust pseudogap in the density of states,8 which can be ob-
served by the angle-resolved photoemission13 or by the
tunneling spectroscopy.14

It was previously discussed10 that the pseudogap causes
deviation from theT21 behavior inRH(T) at T* . The con-
spiring changes inrab(T) and RH(T) at T* leave theT2

behavior of cotuH unchanged atT* , which led to the belief
that cotuH is rather insensitive to the opening of th
pseudogap. However, given the recent understanding tha
pseudogap has two characteristic temperaturesT* andTg , it
is left to be investigated how cotuH(T) behaves aroundTg .

Since the pseudogap effect is expected to be related to
antiferromagnetic fluctuations,8 there have been efforts to in
vestigate how the pseudogap feature is affected by Zn do
onto the CuO2 planes, which produces spin vacancies. T
reported Zn-doping effects on the pseudogap are not sim
for example, the pseudogap feature inrab(T) in underdoped
YBCO crystals is almost unchanged,15 while the suppression
in the Cu NMR relaxation rate belowTg is diminished with
only 1% of Zn.16 To build a complete picture of the
pseudogap effect, it is also useful to investigate how the
doping affects the pseudogap in the Hall channel.

In this paper, we report the results of our measurement
the Hall effect in YBa2(Cu12zZnz)3Oy crystals with y
56.78, which corresponds to an underdoped concentrat
At this compositiony56.78, which givesTc.75 K in pure
crystals, a peak inRH(T) can be clearly seen and also th
pseudogap feature inrab(T) is clearly discernible~due to the
rather wideT-linear region aboveT* ); from the literature,
we can infer thatT* is about 200 K~Ref. 10! andTg is about
130 K ~Ref. 17!. Our measurements of three samples w
different Zn concentrations (z50, 0.006, and 0.013! found
that a deviation from theT2 behavior in cotuH takes place in
all the samples at the same temperatureT0 which is very
close to Tg , indicating that the pseudogap indeed affe
R15 055 ©1999 The American Physical Society
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cotuH nearTg and that the effect is robust against Zn dopin
There have been several publications reporting the ef

of Zn doping onRH in YBCO, but the results are not con
verged. The data by Chien, Wang, and Ong indicate thatRH
of optimally doped crystals increases with increasingz in the
whole temperature range aboveTc and theT dependence
becomes less pronounced3 @it is possible that in their sample
the effective carrier concentration is changing, because
slope of rab(T) is increasing withz#. Mizuhashiet al. re-
ported thatRH increases over the whole temperature ran
with z ~almost like a parallel shifting!, while the slope of
rab(T) in the T-linear part is unchanged.15 On the other
hand, Walker, Mackenzie, and Cooper reported that, in t
Zn-doped crystalline thin films,RH at 300 K remains essen
tially unchanged, while at low temperaturesRH is progres-
sively suppressed with increasingz.2,18 In the present work,
we therefore paid particular attention to reduce the error
the measurement ofRH ; the Hall voltage is measured wit
magnetic-field sweeps at constant temperatures, and e
due to the geometrical factors are minimized by mak
small voltage contacts and by determining the sample th
ness with a high accuracy. We note that making the volt
contacts on the side faces~not on the top face! of the crystals
is essential in reducing the error and increasing the repro
ibility.

The Zn-doped YBCO single crystals are grown by a fl
method using pure Y2O3 crucibles.19 All the crystals mea-
sured here are naturally twinned. The oxygen conten
tuned toy56.78 by annealing the crystals with pure YBC
powders in air at 575 °C for 37 h, and subsequent quench
to room temperature. The final oxygen content is confirm
by iodometric titration. The actual Zn concentration in t
crystals is measured with the inductively coupled plas
~ICP! spectrometry with an error inz of less than60.001.

The measurements are performed with a low-freque
~16 Hz! ac technique. Longitudinal and transverse voltag
are measured simultaneously using two lock-in amplifi
during the field sweeps at constant temperatures. For
transverse signal, we achieved a high sensitivity by subtr
ing the offset voltage at zero field~the offset comes from a
slight longitudinal misalignment between the two Hall vo
age contacts!. The temperature is stabilized using a hig
resolution resistance bridge with a Cernox resistance t
mometer. We confined the maximum magnetic field to 4
within which the error of the Cernox thermometer caused
its own magnetoresistance is negligibly small in the tempe
ture range of the present study. The magnetic field is app
along thec axis of the crystals. To enhance the temperat
stability, the sample and the thermometer are placed
vacuum can with a weak thermal link to the outside. T
achieved stability in temperature during the field sweep
better than a few mK. The data are taken from24 T to
14 T, and then the asymmetrical component is calcula
to obtain the true Hall voltage. The final accuracy in t
magnitude ofRH and rab reported here is estimated to b
better than65%, and the relative error in the data for ea
sample is less than62%.

Figure 1 shows the temperature dependence ofrab for the
three Zn concentrations. Above;200 K, rab of all the three
samples shows a goodT-linear behavior and the slope of th
T-linear part does not change withz. As shown in the inset to
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Fig. 1, a downward deviation from theT-linear dependence
takes place at the same temperature for all three sam
indicating that the upper pseudogap temperatureT* does not
change withz. This result is in good agreement with th
previous reports.15,18

Figure 2 shows the temperature dependence ofRH for the
three samples. Our results are somewhat different from
vious results on single crystals,3,15 but rather resemble that o
the thin film result.18 Notably, RH around 250 K does no
change withz, while the peak at 110 K is clearly suppress
with increasing Zn concentration. Still, the behavior of cotuH
is in good agreement with the previous studies; as is sho

FIG. 1. T dependence ofrab for the pure and Zn-doped sample
Inset: Plots of@rab(T)2r0#/aT vs T, wherer0513.9, 34.6, and
63.4 mV cm for z50, 0.006, and 0.013, respectively. The slo
a(51.05) is unchanged withz. T* is marked by an arrow.

FIG. 2. T dependence ofRH for pure and Zn-doped samples
Inset: Plot ofRH

hyp vs T for the three samples, see text.
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in Fig. 3, cotuH changes approximately asT2 in a rather
wide range, and the Zn impurities add aT-independent offse
which is roughly proportional toz.

We note that the Zn-doping effect onRH(T) observed
here is naturally expected in the context of the two scatte
time scenario. One can infer that the primary effect of Z
doping is to add some constant impurity-scattering rate
both t tr

21 andtH
21 , because bothrab(T) and cotuH(T) show

essentially parallel shifts upon Zn doping. Since one can
proximately expresst tr

21;T and tH
21;T2 in pure samples,

the scattering rates in Zn-doped samples can be app
mated ast tr

21;T1A and tH
21;T21B. From the relation

RHH5rab /cotuH; tH /ttr , RH is approximately written as
RH;(T1A)/(T21B) in Zn-doped samples. If we compar
this expression with that for the pure samples,RH

pure;T/T2

;T21, we can infer that at high temperaturesRH in Zn-
doped sample should approachRH

pure , while at low tempera-
turesRH in Zn-doped sample is expected to become sma
thanRH

pure ~which can be easily seen when one considerT
→0). The above heuristic argument implies that the we
ening of the T dependence ofRH(T), combined with a
z-independent room-temperatureRH , is a rather natural con
sequence of the Zn doping in the two scattering time s
nario, although this effect has not been well documen
before.

Now let us analyze the data in more detail in regard to
T dependence of cotuH . A close examination of Fig. 3 tells
us that the data forz50 and 0.006 are slightly curved in thi
plot; we found that the best power laws to describe the d
in a wide temperature range areT1.85, T1.9, andT2.0, for z
50, 0.006, and 0.013, respectively. In Fig. 4, we show pl
of (cotuH2C)/Ta vs T, which cancels out the power-law
temperature dependence and therefore we can easily se
temperature range for theTa dependence to hold well. Here
C is the offset value~which increases withz) and a is the
best power for each Zn concentration. It is clear from Fig
that the power-law temperature dependence of cotuH holds
very well down to a temperatureT0 (;130 K) and then
starts to deviate in all the three samples. Incidentally,
deviation occurs at a temperature very close toTg , which is
;130 K for y'6.78 ~Ref. 17!. This is a strong indication

FIG. 3. Plots of cotuH vs T2 for the three samples.
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that the change in cotuH(T) is caused by the opening of th
pseudogap.20 Our result shows that, unlike the Cu NMR re
laxation rate, the Zn doping does not diminish or shift t
onset of the pseudogap marked by the change in cotuH at T0,
at least up to the Zn concentration of 1.3%. Note, howev
that the deviation from the power law becomes a bit wea
~or slower! with increasingz, which is similar to what is seen
in the behavior ofrab(T) ~inset to Fig. 1!.

Given the fact that cotuH is apparently affected by the
pseudogap belowT0, it is useful to clarify how the
pseudogap effect is reflected in theT dependence ofRH ,
which is a result of the two differentT dependences3 of the
more fundamental parameterst tr

21 and tH
21 . For this pur-

pose, it is instructive to see howRH(T) would behave if
cotuH continues to change asTa down to Tc . The inset to
Fig. 2 shows the plots of theT dependence of such hypo
theticalRH

hyp for the three samples, whereRH
hyp is calculated

by dividing rab by (C1DTa)3H, where D is the
T-independent value at temperatures aboveT0 in Fig. 4. It is
clear from the behavior ofRH

hyp that RH(T) would not show
a peak if cotuH continues to change asTa down to Tc .
Therefore, we can conclude that the peak inRH(T) in under-
doped YBCO is caused by the opening of the pseudoga

It should be noted that the direction of the change
cotuH at T0 implies that tH

21 is enhanced when the
pseudogap opens; this is opposite to the effect ont tr

21 ,
which is reducedbelow T* . Therefore, we cannot simply
conclude that the change in cotuH is caused by a reduce
electron-electron scattering, which is the natural con
quence of a pseudogap in the low-energy electronic exc
tions. One possibility to understand this apparently confus

FIG. 4. Plots of (cotuH2C)/Ta vs T, which emphasizes where
the deviation from the high-temperature behavior cotuH5C1DTa

~with a.2) takes place. The deviation atT0 is marked by arrows.
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fact is to attribute the change atT0 to the effective mass
rather than to attribute it to the scattering rate; remember
cotuH51/(vctH)}mH /tH , wheremH is the effective mass
of the particle responsible for the Hall channel,3 so an in-
crease in cotuH is expected when the effective mass is e
hanced. For example, if the pseudogap is related to the
mation of dynamical charged stripes,12 a modification in the
FS topology, which leads to a change in the effective ma
is expected. This picture is also consistent with the obser
robustness of the pseudogap feature in cotuH upon Zn dop-
ing, because the change in the FS topology is rather inse
tive to a small amount of impurities. One might questi
why there is little trace of the effective-mass change in thT
dependence ofrab . If cot uH andrab reflect different parts of
the FS~as is conjectured in the hot/cold spots scenario7!, it is
possible that the modification of the FS topology alters
band mass for the Hall channel while leaving that of t
diagonal channel relatively unchanged.

Finally, we note that the peak in theT dependence ofRH
is not always caused by the pseudogap. For example
overdoped Tl2Ba2CuO61d ~Tl-2201!, it has been reported21

that cotuH shows a goodT2 dependence down to nearTc
~which implies that the pseudogap does not open!, and yet
the peak inRH(T) is observed at a temperature well abo
Tc . In this case, the peak inRH(T) is just a result of the two
different T dependences oft tr

21;Tn1A (1<n<1.9) and
tH

21;T21B ~note that in Tl-2201 botht tr
21 and tH

21 have
somewhat large offsets even in pure crystals21!. Mathemati-
cally, RH;(Tn1A)/(T21B) has a peakedT dependence
. I
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and thusRH(T) can show a peak well aboveTc for some
combination ofA andB, even when bothrab and cotuH do
not show any deviation from the power laws. On the oth
hand, as is demonstrated in the inset to Fig. 2, the pea
RH(T) of underdoped YBCO cannot be accounted for by
above origin and therefore is clearly caused by
pseudogap. This argument tells us that one should alw
look at the T dependence of cotuH , not just the peak in
RH(T), to determine whether the pseudogap is showing
through (vctH)21.

In summary, we observed that cotuH of pure and Zn-
doped YBCO (y56.78) crystals shows an upward deviatio
from theT2 behavior below a temperatureT0 that is notably
higher thanTc but is much lower thanT* . The onset tem-
peratureT0 for this deviation, which is found to be unaf
fected by Zn doping, is close to the lower temperature sc
for the pseudogapTg ~probed by the Cu NMR relaxation
rate, for example!. The fact that cotuH tends to beenhanced
below T0 suggests that the effect of the pseudogap isnot to
reduce the Hall scattering rate; we therefore propose tha
effect is more likely to be originating from a change in th
Fermi surface topology, which causes a change in the ef
tive mass. Also, we demonstrated that the peak inRH(T) of
underdoped YBCO is not just a result of two different sc
tering times, but is actually a result of the pseudogap eff
on cotuH .

We thank A. N. Lavrov and I. Tsukada for fruitful discus
sions, and J. Takeya for technical assistance.
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