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High-precision measurements of the quantized Hall resistance:
Experimental conditions for universality
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We report comprehensive high-precision direct and indirect comparisons of quantized Hall resistances in
Si-metal-oxide-semiconductor field-effect transistor and GaAs/AlxGa12xAs heterostructures. We find no evi-
dence for a step, device, or material dependence of the quantized Hall resistance~QHR! at the level of 3.5 parts
in 1010 provided the resistance of each contact used is sufficiently low. However, we observe deviations from
ideal QHR values of up to 5 parts in 107 if the resistance of at least one of the voltage probes used in the
measurement is in the kV range. The deviations in the QHR are always accompanied by nonzero values for
longitudinal voltage on at least one side of the sample. We propose that deviations such as these are responsible
for reports in the literature that purport to show deviant QHR values with zero dissipation. The magnitude of
the QHR deviations varies inversely with both current and temperature, for temperatures below 1.2 K and
currents below the device critical current.@S0163-1829~97!02019-5#
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I. INTRODUCTION

Since the discovery of the integer quantum Hall effe
~IQHE!, there has been great interest in the question of
universality of the effect that is, whether the quantized v
ues of resistance~QHR! depend in any way on the propertie
of the material in which the two-dimensional electron g
~2DEG! is established. The metrology community spec
cally is concerned with the possibility of device dependen
of the QHR, since the IQHE has been used to realize a
resentation of the SI-unit ohm in national standards labo
tories around the world since 1990. In the absence of a qu
titative theoretical description of the IQHE at high curren
and macroscopic device dimensions, this question has es
tially been approached experimentally, several authors
porting the quantization to be exact for different materia
devices, and step numbers.1–3

In contrast with these findings there has been a numbe
reports of high-precision measurements that purport to s
that the situation is not so straightforward, and that the Q
values are not identical from sample to sample.4–7 Most of
these reports concern measurements comparing metal-o
semiconductor field-effect transistors~MOSFET’s!, made at
Gakushuin University on Sony manufactured wafers, in
rectly or directly with GaAs heterostructure samples. Th
MOSFET’s are reported to exhibit quantized resistance
ues of up to 4 parts in 107 higher than expected.

In this paper we present data from high-precision m
surements of the four-terminal quantized Hall resistance
various Si-MOSFET and GaAs/AlxGa12xAs heterostructure
devices. The measurements were made on metrological-s
samples~a few mm along the side!, configured as Hall bars
using currents of tens of microamperes. We unambiguou
show that apparently anomalous values of Hall resista
can be related to the resistance of the contacts used to
sure the potential differences.
550163-1829/97/55~19!/13124~11!/$10.00
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We recently published a small subset of these data for
benefit of the electrical metrology community, where w
were concerned with the precision and accuracy of electr
resistance standards at the highest level.1,8 However, we feel
it is important to present a fuller account here for the phys
community in general. This is of particular importance sin
attempts are being made to develop theories9 to explain the
reported anomalies to the quantized Hall effect,4–7 which in
light of our data could very well be explained as a con
quence of poor electrical contacts, incorrectly hand
samples, or incomplete measurements.

The paper is laid out as follows. The QHE devices used
this work and the measurement techniques are describe
Secs. II and III. In Sec. IV, we describe measurements
and present data from, two types of MOSFET. In Sec. V,
present data from GaAs samples from various sources.
data concern the influence contact resistance can hav
measured values of the QHR in these types of samples.
findings regarding the influence of nonideal contacts on
QHR and the effects of current and temperature on this
fluence will finally be discussed in Sec. VI.

II. QHE SAMPLES

The relevant properties of all the devices used in t
work are listed in Table I. The Hall bar structures have t
classical geometry~see Fig. 1! with two large current con-
tacts and three pairs of potential contacts. The first type
Si-MOSFET samples were grown at Southampton Univ
sity. They are relatively large~5.130.5 mm2 and 2.2
30.3 mm2, respectively! with a 800-nm-thick gate oxide
and their characteristics are described fully in Ref. 10. T
second type were considerably smaller (0.630.1 mm2), and
were configured by Gakushuin University, Tokyo, on So
Corporation wafers. Details of these devices can be foun
13 124 © 1997 The American Physical Society
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55 13 125HIGH-PRECISION MEASUREMENTS OF THE . . .
TABLE I. Device characteristics.l andw are the sample length and width, respectively,a is the distance
between two adjacent voltage contacts, andb is the width of the channel connecting the voltage contacts
the main Hall bar.m is the mobility andn the carrier concentration in the 2DEG in the dark at 4.2
Rc1,5 is the resistance of the current contacts measured on thei52 plateau. For the MOSFET devices,m is
given for the gate voltageVg ; d is the thickness of the oxide layer.

Device
l

~mm!
w

~mm!
a

~mm!
b

~mm!
m

(T21)
n

(1015 m22)
d

~nm!
Vg

~V!
Rc1,5

~mV!

Si-MOSFET
Nott 92-01 5.1 0.52 2.00 50 0.84 800 49.6 20
Nott 92-03 2.2 0.33 0.70 20 0.84 800 49.6 20
SONY 72-17H53- 0.6 0.10 0.20 10 1.20 230 14.4 30
NB1, NB3; 72-1 H53-1

GaAs
EPF 240/3 2.4 0.40 0.60 50 13.3 3.70 10
EPF 277/1,2,5 5.0 1.00 1.20 200 42.0 4.80
EPF S80/3 2.4 0.20 0.60 50 45.0 4.20 5
EPF 285/1 5.7 0.80 1.50 50 61.2 4.00 25
LEP 92-01 2.2 0.40 0.50 25 28.7 5.17 7
USSR G1 5.8 1.00 1.20 500 49.8 3.35
HCO” 130-92 5.9 0.50 1.50 50 130.0 3.00 1000
T’
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Ref. 7. We refer to the devices as Nottingham MOSFE
and Sony MOSFET’s, respectively.

Of the heterostructures, those labeled EPF were mad
the Swiss Federal Institute of Technology, in Lausan
Similar structures have been described in Ref. 11. HCO” re-
fers to a sample supplied by the Center for Microelectron
of the Technical University of Denmark, and LEP to
sample made by the Laboratoires d’Electronique Philip12

USSR G1 is a device from the Institute for Me´trological
Services in Moscow. The GaAs samples have a range
carrier concentrations from 3.0 to 4.831015 m22, with mo-
bilities spanning a range from 13 to 130 T21. All the hetero-
structure devices were defined using photolithographic
wet-etching techniques and have conventional allo
AuGeNi contacts.

III. MEASUREMENT APPARATUS AND PROCEDURES

The measurements were all carried out at the Swiss F
eral Office of Metrology~OFMET!. Hall resistances were

FIG. 1. Sample configuration showing the two current conta
~1,5! and the six voltage contacts~2,3,4 and 6,7,8!. The direction of
the current flow and the direction of the edge currents~electrons! in
the device for ‘‘forward’’ magnetic induction are indicated. Valu
for l , w, anda are given in Table I.
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compared either directly or via transfer resistors, using
cryogenic current comparator~CCC!. Two separate cryostat
were available, a dilution refrigerator and a top-loadi
3He system. The latter comprised a 14-T magnet and a
loading 3He insert, the QHE samples being measured in
uid 3He at temperatures of 0.3–1.2 K. The dilution refri
erator also has a 14-T magnet. Here the samples w
measured in the mixing chamber, at temperatures betw
100 mK and 1 K. All QHR comparisons were made usi
the OFMET CCC bridge which is described in detail in Re
13. The comparator is of the binary self-checking type;
winding errors were detectable at the level of<1310210.
The sensitivity of the CCC is 4mA turn/F0 where F0

(5h/2e) is the flux quantum. The windings used for the
comparisons have a maximum of 2065 and a minimum of
turns. The rms noise for a typicalRH(4):RH(4) comparison
is 6.2 nV/AHz @RH(4)5h/4e2#.

For direct comparisons, one QHE device is placed in e
cryostat. For indirect comparisons, either cryostat could
used, the transfer resistors being one or both of a pai
well-characterized 100-V resistance standards~type: Tinsley
5685 A!, maintained in an air bath, nominally at 30 °C.

During resistance measurements, the currents thro
both sides of the bridge are reversed periodically, to rem
thermal effects. One data point is obtained typically by a
eraging for about 30 min leading to an uncertainty of le
than 1 part in 109 (ppb) for aRH measurement. For the
determination of the longitudinal resistivityrxx , the voltage
drop along the sample side was measured directly using
bridge detector~nanovoltmeter type EM N11!.

All resistance measurements presented in this work
referred to the QHR on stepi52, RH(2), observed in the
GaAs device EPF 277/1. All our tests have shown EPF 27
to be an ideal device, with good contacts and very high cr
cal current~around 600mA in the middle of thei52 pla-
teau!.

The quality of the contacts may be characterized by th

s
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13 126 55BEAT JECKELMANN, BLAISE JEANNERET, AND DAVE INGLIS
resistanceRc which is measured in the QHE regime as fo
lows. The voltage drop across the contactj to be character-
ized and the next contact situated at the same Hall pote
is measured while passing a current through contactj and
one of the current contacts. If the sample is well quantiz
the longitudinal resistivityrxx can be neglected andRcj is
obtained directly. When determining the resistance of curr
contacts, one needs to apply the same current as for u
RH measurements. When characterizing the voltage cont
the magnitude of the current is chosen as small as pos
(,0.5mA), in order to minimize dissipation and/or brea
down of the quantization in the narrow contact arm.

IV. MEASUREMENTS ON MOSFET’S

A. Measurements on Nottingham MOSFET’s

In the first series of measurements, Nottingham MO
FET’s were compared with various GaAs heterostructu
We measured two of these devices, the measurements b
made at 0.3 K after cooling the devices slowly with a po
tive emf of 10 V applied to the gate. Unlike the Son
samples described later in this section, these devices are
ally electrically stable once cooled, and can be measured
several days with little change in their overall characterist
To measure precision values ofRH(4), the magnetic flux
density is set just below 14 T and the gate voltage adjuste
the center of the plateau, typically to 49.6 V for these d
vices.

The Nottingham MOSFET’s have a particularly thic
~800 nm! oxide layer and the main features observed in th
electrical properties are as follows.

They have low contact resistances, typically 7V for the
voltage contacts and less than 50 mV for the current con-
tacts.

Their rXX plateaus are flat within the measurement re
lution across a considerable span of gate voltageVg , typi-
cally 0.8 V. This is clearly seen in Fig. 2 which shows ho
the longitudinal voltageVxx and the Hall resistanceRH vary
across stepi54 as a function of gate voltage. This contras
sharply with the Sony samples~see Sec. I B!.

They carry relatively high current without dissipatio
This is illustrated in Fig. 3 which clearly shows that there
no deviation in the Hall resistance of stepi54 for currents
up to 60mA.

We have carried out an extensive series of high-precis
comparisons in whichRH(4) of the two Nottingham MOS-
FET’s in the middle of the plateau, in both field directio
and different currents was compared to the QHR of our
erence GaAs device. As a result we find for the difference
RH between Si-MOSFET and GaAS,

RH~4,Si!

RH~4,GaAs!
512~1.662.3!310210.

This result includes our data published in Ref. 1 and d
measured since then. Our result confirms the findings
Hartlandet al.3 who showed thatRH(2) observed in a GaAs
heterostructure device is the same as 23RH(4) in a Si-
MOSFET within an uncertainty of63.5310210.
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B. Measurements on Sony MOSFET’s

We measured three of these devices. One of them~72-
17H53-NB1! is equivalent to the sample used by Yoshihi
et al. where deviations from the QHR have been observ
Again we cooled the samples with110 V applied to the
gate. Because of the thinner gate oxide, these MOSFET’s
measured on stepi54 at 14 T with an applied gate voltag
of about 14 V. These devices are considerably smaller t
the Nottingham MOSFET’s and in addition they have high
contact resistances, typically around 18V for each voltage
contact and 0.3V for the current contacts.

In every case it turns out to be considerably more diffic
to make precision measurements on these devices than o
Nottingham MOSFET’s. The current is limited to<10mA
for two reasons. Owing to the small device width, the critic

FIG. 2. Variation in ppb~parts in 109! with gate voltage of both
the quantized Hall resistanceRH(4) and the longitudinal voltage
Vxx for Nottingham MOSFET Nott 92-03. The temperature was
K, the magnetic induction 13.8 T, and the measuring current 30mA.

FIG. 3. Current independence ofRH(4) for device Nott 92-03.
The temperature is 0.3 K and the magnetic induction 13.8 T.
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55 13 127HIGH-PRECISION MEASUREMENTS OF THE . . .
current~current at which dissipation in the bulk plays a role!
is rather low. The plateau width is only about 0.4 V at 0.3 K
partly owing to the small gate voltage of 14.4 V. In ou
experimental setup, this plateau width is further reduced
the Hall voltage since the gate voltage is referenced to
device current contact. The carrier concentration is therefo
given by the combination of gate and Hall voltage. The Ha
voltage changes its sign on current reversal and we do
compensate for this change.

A further problem was caused by the tendency of th
gate-voltage plateau to slowly drift, so that one had to app
an ever-increasing gate voltage to maintain the operation
the device. Presumably, this drift is a consequence of tra
ping off electrons from the 2DEG into localized sites, lead
ing to the need to increase the gate voltage to maintain
carrier concentration at the same value. The drift rate var
slightly from sample to sample, and from cooldown t
cooldown, but typically was around 10–20 mV per hou
When making a series of measurements across a plateau
a slowly drifting gate voltage we referred all the data to th
plateau center voltage. It was found partway through t
measurements that the drift in gate voltage could be sta
lized by shining a short pulse from a light-emitting diode o
the device. The data obtained after a pulse were identi
with those obtained without a pulse but the increased sta
ity made the measurement easier. This observation confir
the trapping hypothesis mentioned above.

The most significant feature of the Sony MOSFET me
surements was the structure that we always measured in
gate plateaus, at 0.3 K. A typical example is shown in Fig.
where we show plots ofVxx as a function of gate voltage for
all four contact pairs of device 72-17H53-NB1. The numbe
ing sequence for the contacts is shown by the inset. Althou
the details of the structure vary from sample to sample, a
in some instance from cooldown to cooldown, we alway

FIG. 4. Variation with gate voltage of the longitudinal voltag
for all four potential contact pairs, plotted as a fraction of the Ha
voltage for a Sony MOSFET~72-17H53-NB1!. Open and solid
circles refer to the measuring current of 6 and 10mA, respectively.
The inset shows the contact numbering convention used.
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find oscillations in the gate voltage plateaus for these dev
at 0.3 K. The structure varies along the sample length
differs for opposite sides. The voltage pattern thus diff
from one contact pair to the next but the four sets do
appear to be correlated in any obvious way.

For any precision measurement on the plateau, a se
four voltage measurements around any rectangle define
a set of four potential contacts yields two values forRH(4)
and two values forRxx ~on opposite sides of the sample!. In
all cases, the sum of the voltages around this rectangl
zero within the experimental uncertainty. However, as a c
sequence of the structure, we find that the two values
RH are in general not the same, even whenoneof theRxx
values is zero. As we have previously pointed out,8 this has
very important implications if incomplete sets of measu
ments are used to infer a value for the Hall resistance.
return to this point in the discussion. Finally, sweeping t
magnetic field at a temperature of 0.3 K. while holding t
gate voltage constant produces similar structure.

In Fig. 5, we show a scatter plot that summarizes
RH versusRxx data for the Sony MOSFET’s where we hav
measured a set of four pairs of contacts in a rectang
configuration at a temperature of 0.3 K and a current of
mA. The plotted points are determined by taking the absol
values of the mean of the pairs. At this point, it is crucial
note that a deviation from the expected QHR isalways re-
lated to a finite longitudinal resistance.

In Fig. 6, we show how the structure inVxx varies as a
function of temperature. Increasing the temperature from
to 1.2 K gradually removes all signs of the structure, and
plateau becomes flat and zero valued by 1.2 K, albeit c
siderably narrower. Reducing the temperature reverses
change. The deviation ofRH(4) in the middle of the plateau
from the reference value as a function of temperature is p

l
FIG. 5. Scatter plot of the mean values of deviations from

expected value ofRH for two adjacent contact pairs on ste
i54, plotted against the mean values ofVxx for the same contacts
Open and solid circles indicate forward and reversedB-field direc-
tions. Vxx(av)5uV23,151V87,15u/2, DRH(av)5uR28,151R37,15u/2
2RH(4, GaAs,EPF277).
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13 128 55BEAT JECKELMANN, BLAISE JEANNERET, AND DAVE INGLIS
ted in Fig. 7~a!. As can be seen, the deviation has an ex
nential temperature dependence and decreases from
31029 at 0.3 K to a value of<331029 at 1.2 K.

V. MEASUREMENTS ON GaAs/Al xGa12xAs
HETEROSTRUCTURES

A. Devices with ‘‘ideal’’ contacts

We have made high-precision measurements of the Q
for the GaAs devices listed in Table I. The samples v
widely in their characteristics~mobility, geometry! and the
aim was to check the consistency of the results at the hig
level of accuracy presently available. For all the measu
ments in this category, the contact resistances were belo
V. It was checked that the longitudinal voltages on bo
sides of the device were zero within the measurement r
lution. In case of dissipation in the bulk, the current dep
dence of the dissipation was determined and theRH values
extrapolated to zero current.14

First,RH(2) andRH(4) of all the devices were compare
to the QHR of the reference device~EPF 277/1!. The results
are shown in Fig. 8 as a function of device mobility. T
weighted mean of the measured differences is (21.263.2)
310210 and (1.062.8)310210 for the i52 and i54 pla-
teaus, respectively. Furthermore, the QHR of GaAs dev
on stepsi51,3,4,6,8 were compared toRH(2) of the refer-
ence sample. The results are given in Fig. 9. Again, no
viations from the expected ratios were found within the m
surement resolution and our experimental limit for a poss
step-ratio dependence of the QHR can be summarized a

FIG. 6. Temperature variation ofVxx vs gate voltage, in the
range 0.3–1.2 K for the Sony MOSFET device 72-17H53-NB3
step i54. The curves are offset in they direction for clarity. The
dotted lines indicate the respective zero positions.
-
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RH~ i51,3,4,6,8!i

RH~2!
523@12~1.162.9!310210#.

More details about these measurements and data evalu
procedure are given in Ref. 1.

B. Nonideal contacts

So far, there have been few reports in the literature of
role of the contacts to the 2DEG in relation with hig
precision determinations of the QHR. However, it is w
known15 that in the adiabatic regime~i.e., small devices of
high mobility, distance between contacts<100mm! and for
small enough currents~linear regime!, large deviations from
the QHR are caused by imperfect voltage contacts. The
fects can be explained in the framework of the Landau
Büttiker formalism.16 However, in the metrological applica
tion of the QHE where much higher currents are pas
through a device of macroscopic dimensions, charge tra
port must be described by a nonlinear theory and the p
edge-state description is no longer appropriate. The eff
caused by imperfect voltage contacts in a typical hig
precision measurement are discussed next.

The quality of the contacts is characterized by their res
tanceRc that is measured as described in Sec. III. The re
tance of a good AuGeNi contact is usually below 1V ~see

n
FIG. 7. Temperature variation of the QHR deviations.~a! Sony

MOSFET device 72-17H53-NB3 at a fixed gate voltage of 14.4
magnetic induction of 13.8 T~equal to the center ofi54 plateau!,
and a current of 10mA. ~b! GaAs device LEP 92-01 at the center
the i52 plateau.I530mA. One of the voltage contacts used fo
the measurement of the QHR had a resistance of 12.9 kV. ~c! GaAs
device HCO” 130-92 at the center of thei54 plateau.I510mA.
One of the voltage contacts used for the measurement of the Q
had a resistance of 1.4 kV. The data are fitted with exponentia
functions indicated by the dotted lines.
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Table I!. With one exception, all the contacts of the devic
listed in Table I haveRc values in this range, provided the
are cooled slowly from room temperature down to the wo
ing temperature of 0.3 K. The exception is the device E
285/1, where three of the voltage contacts have Ohmic re
tances of several kilohms when measured on thei52 or i
54 plateau. These values are reproducible on differ
cooldowns and probably originate from the resistance of
metallic contacts or the heavily doped region immediat
below the metal pad, and not from the resistance of
2DEG close to the contacts.

The resistance of the contact region can also be varie
a controlled way by using a gate placed over the probe,
the narrow arm that links the contact pad to the main chan
of the device in the usual Hall bar geometry. Applying
voltage to the gate partially depletes the 2DEG under
gate. In metrological applications of the QHE when stand
ungated Hall bar devices are used, a similar local reduc

FIG. 8. Device independence of the QHR observed in vari
GaAs heterostructures. The differences between the QHR obse
in various devices and the QHR of the reference device EPF 2
are plotted against the device mobility.

FIG. 9. Results for the step ratio measurementsRH( iÞ2):
RH( i52).
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of the carrier concentration in the narrow voltage probes ca
be caused accidentally by cooling a device too fast, by pas
ing a current above the critical current through the potentia
probe or even by leaving the device in the cold for severa
days. For the measurements described here, we have int
tionally generated highRc values by applying negative volt-
age pulses to the chosen voltage contact. The resulting dep
tion of the carrier concentration in the probe is illustrated in
Fig. 10 where the contact resistance is plotted as a functio
of the magnetic inductionB. Plateaus appear in the regions
where the filling factors of the Hall barn and the partially
depleted voltage probeng are integers~see, e.g., Ref. 17 for
an explanation!. The original contact properties are restored
by cycling the device through room temperature or by illu-
minating the device at low temperature with infrared
radiation.18

We have performed a series of QHR measurements19 on
devices where at least one of the voltage contacts had
increased resistance as described above. Special care w
taken to evaluate the effects caused by the presence of a h
Rc value in the measurement circuit. In general, the conta
with the increased resistance was placed close to ground p
tential in order to avoid unwanted voltage drops produced b
leakage currents. To test the consistency of the measu
ments, we regularly checked that the four voltages~two lon-
gitudinal voltages,Vxx and two Hall voltages,VH! formed by
two pairs of potential contacts summed to zero within the
measurement uncertainties.

Figure 11 shows the data obtained using the device HC”

130-92. The resistance of voltage contact 2 was 1.4 kV
whereas all the otherRc values were below 1V. The four-
terminal resistanceR28,15 ~current between contacts 1 and 5
and Hall voltage between 2 and 8! measured in the middle of
the i54 plateau, clearly differs from the quantized value
h/4e2. This deviation varies as the inverse of the current a
illustrated by the line in Fig. 11~a!. Moreover, it remains
unchanged on field reversal. Figure 11~b! shows that the lon-
gitudinal voltageVxx on the side of the device with good

s
ed
/1

FIG. 10. Resistance measured across a partially depleted reg
in a voltage probe as a function of the magnetic flux density. Pla
teaus appear when the filling factors in the depleted regionng and
the rest of devicen are integers.
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13 130 55BEAT JECKELMANN, BLAISE JEANNERET, AND DAVE INGLIS
contacts is zero within the measurement resolution, exce
I540mA where dissipation in the bulk starts to play a ro
At the same time, the QHR over the middle contact p
(R37,15) was measured in both field directions and for thr
different currents between 20 and 40mA. The difference to
the reference QHR is found to be (21.865.0)310210,
showing that only the contact pair including the bad cont
is affected.

The inverse current dependence of deviations of the H
resistance caused by imperfect voltage contacts was
seen in other devices. Figure 12 shows the behavior
sample EPF 277/1 with one bad voltage contact. The de
tions vary with 1/I above 15mA but show a completely
different behavior below~see Sec. VI!.

A summary of all the QHR measurements with highRc
values is given in Fig. 13 where we show a scatter plot of
deviations inRH and the corresponding values ofRc for both
of step i52 and i54, for all the devices tested. The me
surements were carried out at 0.3 K and current values
tween 20 and 50mA. To allow a better comparison of th
results, the deviations were scaled to 20mA by the 1/I rela-
tionship presented above. The principal characteristics
these deviations can be summarized as follows.

The deviations may have either sign, positive or negat
and no preference for one or the other could be establis

There is no simple relationship between values ofRc and
the deviation fromRH . The deviations tend to increase whe
Rc becomes larger, but cases have been observed whe

FIG. 11. Influence of high contact resistance on the QHR
served in the device HCO” 130-92. Voltage contact 2 has a resi
tance of 1.4 kV. Part ~a! shows the deviations ofRH(4) for two
contact pairs as a function of the currentI . The deviationsR28,15

follow the fitted 1/I dependence~solid line!. Part ~b! shows the
longitudinal voltage measured on the side of the device with
contact resistances. Open and solid symbols indicate forward
reversedB field, respectively.
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deviation was caused by a bad contact with a value equa
the QHR in the bulk of the device.

In general the deviations are not symmetric on field rev
sal.

In the case of a deviation, the longitudinal resistance
the side of the device with the bad contact is not zero,
though the longitudinal resistance on the other side rem
unaffected.

-

nd

FIG. 12. Deviation ofR28,15( i54) from the QHR due to a high
resistance of contact 2 (Rc256.4 kV) in device EPF 277/1 as a
function of current. The fit for the data points above 15mA has a
1/I dependence.

FIG. 13. Variation in the deviation of the Hall resistance fro
the value expected for~a! step i52 and ~b! i54. The measure-
ments were a taken for bothB-field directions, at 0.3 K. If one
assumes a relation of the typeDRH( i )max5kRc then the upper limits
of possible deviation would be given by the dotted lines. The
perimental upper limit for deviations in the case of good contact
shown by the small arrow in the bottom left corner of each plot
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These effects due to high-contact resistances are o
metastable. Deviations can vary in time~over days! and can
even change their sign.

In all cases where differences caused by highRc values
were seen, the control measurements made on the sam
vice using a good contact pair never gave a measurable
ference from the reference QHR. The experimental stand
deviations deduced from all these control measurem
amount to 5310210 for both i54 andi52. These values are
reported as upper limits in Fig. 13 forRc<1V ~see arrows!.
We have analyzed our data under the assumption that
maximum deviation caused by a voltage contact is prop
tional to its relative resistanced, whered5Rc /RH ~straight
lines in Fig. 13!. This coarse approximation shows~1! the
deviation from the correct value is well below the actu
measurement uncertainty of a few ppb if theRc values are
below 1V ~which is usually the case for a good metrologic
sample! and~2! the deviations are about four times larger f
the i54 than for thei52 plateau.

The temperature dependence of the contact effect
also measured. The deviations from exact quantization of
four-terminal Hall resistance due to a bad voltage contact
shown as a function of temperature for two different Ga
devices and plateaus in Figs. 7~b! and 7~c!. The deviations
exhibit a strong temperature dependence whereas the co
resistances themselves do not change appreciably in
same temperature range. This result will further be discus
in Sec. VI B.

VI. DISCUSSION

A. Previously reported anomalies
of the quantized Hall resistance

Under the experimental conditions described here,
Nottingham devices are apparently ideal metrologi
samples. As shown in Fig. 3 they carry sufficient curre
without dissipation to allow CCC measurements to be m
with 50 mA in the primary circuit of the bridge—the usua
situation for comparison with 100-V resistance standards, fo
example. And it is clear from Fig. 2 that the plateau is wi
and flat enough~60.3 V on stepi54 at 50mA! to allow
current reversal at this current level.

Particularly important is the fact that we never see a
sign of structure in either theRH or Vxx data when plotted as
a function of gate voltage, even at the lowest measurem
temperatures used~0.3 K!. This suggests that the structure
the data that we always observe at 0.3 K and similar te
peratures with the Sony MOSFET’s is in some way a devi
dependent effect.

Perhaps the most obvious, and apparently trivial, diff
ences between the Sony devices and the Nottingham M
FET’s are, firstly, that they are much smaller than the N
tingham devices, and, secondly, that they have consider
higher contact resistances. In fact, we believe that the c
bination of these two features leads to the observed pla
structure, and to the apparent anomalies in the Hall re
tance. We outline our arguments for this connection in
next subsection. First we would like to discuss our data
terms of the so-called anomalous quantized Hall effect wh
has been previously reported by other workers who m
sured Sony devices.4–7 Yoshihiro et al.7 claim to see devia-
en
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tions in the Hall resistance of up to 131027 in these devices
despite the absence of dissipationwithin the experimental
resolution. Heinonen and Johnson9 present a model in which
such deviations can be caused by short-range elastic sca
rers located at the edges.

It is clear from Fig. 4 that the value ofVxx which one
measures for device 72-17H53-NB1 depends critically on
gate voltage, on the side of the device measured, and ind
on the pair of contacts chosen. For the data shown in Fig
one could measure a value ofVxx50 for any combination of
the voltage contacts on the right-hand side of the device~as
drawn! and come to the conclusion that, since there is
dissipation, a simultaneous deviation in the Hall resista
implies an anomalous quantized Hall resistance. At a g
voltage of around 14.6 V, it is even possible to simul
neously measure zero along both sides of the device,
nevertheless have measurable values ofVxx along each of the
top and bottom halves of the device. This again leads to
apparent deviation from the correct value if one measu
RH across the middle terminals 3–7.

In the data summarized in Fig. 5 we have only includ
measurements made with two adjacent pairs of contacts
lowing four measurements to be made~two of Vxx and two
of RH! around the rectangle defined by the contacts. In th
circumstances, we find that deviations ofRH from the ex-
pected value always and only occur whenVxx for at least one
of the sides of the rectangle is nonzero. Similarly, we fi
that if both values ofVxx are zero around the rectangle, fo
instance, at about 14.4 V for the data shown in Fig. 4, th
both values ofRH are as expected.

Apparently, one has to take the greatest care with th
devices in the choice of contacts used and the measure
procedure followed if one is to avoid spurious errors that c
lead to the conclusion that there can be a deviation from
QHR despite a vanishing longitudinal resistance. In fact
appropriate procedure for making correct measurement
the quantized Hall resistance at the highest precision, a
necessary in national standards laboratories where the
resistance is used to realize a representation of the oh20

recommends that wherever possible the measuremen
made in the way we have described here. Failure to foll
the full procedure may lead to incorrect values. The full me
surement procedure is fairly onerous, requiring many m
surements, and on a routine basis many workers actu
omit part of the process, with no consequences. Howeve
one finds anomalies in the quantized value without followi
the full procedure, it is vital the measurement be rechec
using the full procedure outlined in the technical guidelin
before anomalous QHR values are claimed.

There are two final points we would like to cover wit
respect to the data published in Refs. 4–7. In the report
the measurements carried out at NIST, there are referenc
the effect on the Hall resistance of electrical disturbance
the laboratory. Further, Kawaji reported5 that on occasion a
GaAs sample also showed small deviations from the
pected value for the QHR. We described in Sec. III ho
applying voltage pulses to the potential contacts of a dev
can induce small deviations in the Hall resistance. We s
gest that the thunderstorm effects reported in the NIST m
surements are merely less-controlled versions of the s
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experiment. And it is possible that Kawaji’s deviant GaA
sample also suffered from a bad voltage contact.

We have studied in the literature all the reports4–7 of de-
viant Hall quantization in metrological-sized devices. W
have come to the conclusion that none of the reports
scribes a measurement procedure that is absolutely foolp
in that it excludes the possibility of any of the effects w
have observed from being present in the measured sam
We propose therefore, that none of these claims of deviat
from the quantized Hall resistance with at the same ti
vanishing longitudinal resistance can be upheld at prese

B. High contact resistances
and erroneous Hall resistance values

In this section, we show that the fact of having nonide
voltage contacts in the measurement of the QHR acco
for all the measured deviations which we have seen to d
in both Si-MOSFETs and GaAs samples. The features
need to account for are the following.~i! The magnitude of
the contact effects is not readily related to basic electr
characteristics of the devices such as carrier concentratio
mobility. ~ii ! The effect can be reduced by increasing eith
the device temperature or the current.~iii ! We observe simi-
lar effects and dependencies in MOSFET’s that are small
have relatively high-contact resistances, but not in la
MOSFET’s that have low-contact resistances.~iv! In small
MOSFET’s the effect varies with both gate voltage and m
netic induction.

In our GaAs devices, bad contacts were deliberately m
by a partial depletion of the electron gas in the channel c
necting a voltage contact to the main Hall bar. In one of o
samples, highRc values are due to a improper metallizatio
of the contact pads.

In the case of the Sony MOSFET’s, the gate does
seem to extend sufficiently over the connection to the con
region to ensure that the carrier concentration is uniform
all regions of the probe. This variation in concentration
affected by changing the gate voltage and by sweeping
magnetic induction with a stable gate voltage. Changing
gate voltage directly modifies the carrier concentration of
main channel, whereas sweeping theB field changes the den
sity of states available to the carriers.

Komiyama and co-workers21 have developed a mode
based on the Bu¨ttiker formalism of contacts that allows a
estimate of the upper limits for the deviations of the fou
terminal Hall resistance as a function of the contact re
tances. The calculation is based on the assumption that,
given current and temperature, a nonequilibrium distribut
of edge states created by an nonideal current contact ext
over macroscopic distances and is only selectively dete
by a voltage probe with a finite resistance. Expressions
given for the case of an uniform 2DEG where the nonu
form population of the edge states is produced by the cur
contact only and for the case where this unequal popula
is produced by the nonuniform 2DEG. The authors cla
their model should qualitatively remain valid even in t
regime when most of the current flows through the bulk
the device, which we assume to be our experimental si
tion.
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We have tested the predictions for the uniform 2DEG.
this case the observed deviation should decrease by a fa
of d5Rc /RH for every contact situated between the curre
contact and the voltage contact used in the measurement
do not see this behavior. The observed deviations are of
same order for the case with one bad voltage contact nex
a current contact and the case where the bad contact
between two good voltage contacts.

In the case of a nonuniform 2DEG transmission of ele
trons from a contact to a nonadjacent contact along a p
through the interior of the sample may be possible. A gene
treatment of all the possibilities is not practical so that onl
simple case is treated in Ref. 21. This case is in general
compatible with our experimental situation, therefore, a co
parison of this model with our data was not attempted.

A quantitative agreement between our results and the
dictions of the edge-state theory of contacts cannot be
pected. The Bu¨ttiker formalism is strictly valid only when
the chemical potential difference between the edges
smaller than the Landau-level spacing. None of our meas
ments was done in this domain. An extension of the Bu¨ttiker
model is needed to describe the QHE in the high-curr
regime more precisely. In a paper by van Son, de Vries,
Klapwijk,22 independent edge and bulk-current compone
coupled at the contacts are assumed. The model yield
mechanism for the onset of nonlinear behavior and a pro
extension of it may lead to a better quantitative understa
ing of our experimental results. Nevertheless, we see a qu
tative agreement with Bu¨ttiker’s edge-state model. Eve
good current contacts with resistances in the milliohm ran
are not ideal and consequently they do not populate all o
going edge states equally. A bad voltage contact selectiv
detects the incoming edge states and, if the equilibrium
tween channels is not achieved on the way from the cur
contact, a deviation from exact quantization is measur
These deviations become larger as the resistance of the
age contact increases. It is remarkable that we see this e
for our experimental situation where tens of microamps
passed through a device of macroscopic dimensions. T
means that even in this regime, scattering between chan
is strongly suppressed.

The deviationDRH from exact quantization is related t
the equilibration lengthl through the relation23,24

DRH

RH
5ae2L/ l ,

whereL is the boundary length between the selective con
and the adjacent one anda is a parameter characterizing th
contact properties. The parametera is closely related to the
contact resistanceRc . As mentioned earlier,Rc does not
change with temperature in the temperature range consid
here. As in Ref. 23, aT independence ofa is assumed.
Becausea is not known in our case, no numerical value f
the equilibration lengthl can be extracted from our data
However, the measured temperature dependence ofDRH
yields the temperature dependence ofl .23 As shown in Fig.
7, the data fit well to a function of the formDRH /RH
5k0e

2k1T, whereT is the device temperature andk0 and
k1 are the fitting parameters. This means that in the temp
ture range considered, the inverse equilibration lengthl
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varies linearly with temperature. The slope is given
k1 /L which is ~a! (2664)31023 mm21 K21 at i54 in
MOSFET device 72-17H53-NB3, ~b! (7.460.6)
31023 mm21 K21 at i52 in GaAs device LEP 92-01, an
~c! (2.060.5)31023 mm21 K21 at i54 in GaAs device
HCO” 130-92.

In agreement with our data, Alphenaaret al.25 also find a
linear temperature variation of 1/l in the range from 0.5 to 4
K in a device of mobility m536 T21. The slope is 2.5
31023 mm K21, very close to our value for case~c!. On the
other hand, Komiyamaet al.24 see an exponential temper
ture dependence of 1/l in the temperature range from 1 to 1
K in a device of mobilitym5130 T21. The temperature
variation around 1 K has the same order of magnitude
ours for the two GaAs devices@cases~c! and ~b!, respec-
tively#. Our temperature range is too small to clearly est
lish theT dependence of 1/l . In fact, the data in Fig. 7~c! can
as well be fitted to a function of the formDRH /RH5k0T

k2

with k25(21.660.4). This may point to a nonlinear tem
perature dependence of 1/l if a wider temperature range i
considered.

For device HCO” 130-92,i54, the current dependence o
DRH was also measured~see Fig. 11!. A 1/I dependence o
the deviations from exact quantization was found. In com
nation with the 1/T1.660.4 dependence mentioned above, w
therefore find for the current dependent effective tempera
in the 2DEG: Te}I

0.660.1. This current scaling perfectly
agrees with the results obtained by others from the meas
ments of the width of the Shubnikov–de Haas oscillation26

or from the slope of theRxy versusB curve.27 However, our
measurements were performed on a plateau whereas the
presented in Refs. 26 and 27 were obtained in between
plateaus. Theoretical arguments for this scaling behavior
e.g., given in Ref. 28.

VII. SUMMARY

We have shown that the QHR is independent of host m
terial, device, and step number to within 3.5 parts in 1010 if
In
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re
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each of the Ohmic contacts to the 2DEG used in the m
surement has a resistance<1V. This is, to our knowledge,
the most extensive study reported to test the device inde
dence of the QHR at high precision. Our results do not pro
the relationRH( i )5h/ ie2. The correctness of this equatio
can only be shown in a comparison ofRH with an indepen-
dent realization ofh/e2. But our demonstration of the uni
versality ofRH( i ) at high precision adds considerable weig
to the supposition that the equality is exact.

We have found that large deviations of up to 5 parts
107 from the quantized Hall resistance can be caused
nonideal contacts. The measuring current in our experime
is in the range 10–50mA corresponding to a chemical po
tential difference between the sample boundaries m
larger than the Landau-level spacing. The pure edge-s
formalism of contacts16,21 is no longer valid in this domain
and we have found no satisfactory quantitative explana
for our results. The QHR deviations caused by nonideal c
tacts decrease with increasing temperature and current. T
vary ase2aT for temperaturesT in the range 0.3–1.2 K and
as 1/I for a range of current smaller than the device critic
current.

We have shown that the so-called anomalous behavio
quantized Hall plateaus reported in the literature by vario
authors can probably be ascribed to bad contacts. In ligh
our data to our knowledge, none of the claims made to d
of deviant QHR values despite vanishing longitudinal res
tance can be upheld at present.
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