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Determination of the Time-Dependence of g
Using the Quantized Hall Resistance

MARVIN E. CAGE, RONALD F. DZIUBA, MeMmBeRr, 1Eer, CRAIG T. VAN DEGRIFT, axp DINGYI YU

Abstract—The quantum Hall effect is being used to monitor the U.S,
'ggﬂl representation of the ohm, or as-mamntained ohm, U, . Mea-
surements have been made on.a regular basis since August 1983, In-
dividual transfers between the quantized Hall resistance R, and the
gve 1-Q resistors which comprise Qy,, can now be made with a total
gne standard deviation (lo) uncertainty of 10.014 ppm. This uncer-
tpinty is the root-sum-square of 32 individual components. The time-
gependenl vxpression fur Ry in terms of Qs isi &y — 25 812.8(1 +
(1.842 + 0.012) X 10°% + (0.0529 + 0.0040)(r — 0.7785) X
10°%/year]Qup,, where ¢ is measured in years from Januvary 1, 1987,
The value of Qu« is, therefore, decreasing at the rate of (0.0529 +
$.0040) ppm/year,

I. INTRODUCTION

N THE mtegral quantum Hall effect [ 1], the Hall resis-
tance Ry (1) of the ith integer plateau of a fully quan-

tized two-dimensional electron gas 1s given by
Vu(1) 1&: _h

RH(i) =T - i A

(1)

Here V(1) is the Hall voltage of the ith plateau, 7 is the
current through the sample. and Ry 1s the quantized Hall
resistance, equal to h/e* = 25 812.8 Q where h is the
Planck constant and ¢ is the elementary charge For pre-
cision measurements, the quantum integer / 1s usually
chosen to be either 2 or 4.

The quantized Hall resistance of a plateau at a temper-
ature of absolute zero is an invariant of nature. Therefore,
to the best of our knowledge, it can be used to determine
the time-dependence of an artifact-based national repre-
sentation of the unit of resistance. One such representa-
tion 1s the U.S. Legal Ohm, ygs. which 1s defined
terms of the mean resistance of five 1-2 Thomas-type
wire-wound resistors maintained in a 25°C oil bath at the
National Burcau of Standards (NBS) in Gaithersburg,
MD. Measurements of Ry (4) in terms of Qg have been
tarried out on a regular basis since August 1983, yielding
teliable values of dQygs/dr and Qs (1). This paper dis-
Cusses these measurements.
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II. Quantum HALL Errecr Device PARAVIEILRS

Three GaAs/AlGaAs heterostructure devices have been
used. They were designated as GaAs (7). GaAs(8), and
GaAs(9) The GaAs/Al,Ga, _, As heterostructures were
grown by molecular beam epitaxy with x = 0.29. They
were optimized for Ry(4) = 6453 20-0 steps. The cen-
ters of the i = 4 steps occur 1n the magnetic flux density
range 5.6~6.0 T for the three devices: this corresponds to
electron densities in the range 5.4-5.8 x 10'' cm™ The
zero magneuc {ield mobilines at 4.2 K were ~ 100 000
cmz/(V > 8) for GaAs(7) and GaAs(8), and ~75 000
em™/(V + s) for GaAs(9).

The Hall bar geometries of GaAs(7) and GaAs(8)
were made by removing the heterostructure material by
sand-blasting the area of the sample not covered by a metal
mask. The resulting mesas were ~4 6-mm long and
~0.4-mm wide. There were three sets of Hall potenual
probes placed along the mesa The two outer probe sets
were symmetrically displaced +1.0 mm along the chan-
nel from the center set. The GaAs(9) mesa was defined
by photolithography. It was about one-half the size of
GaAs(7) and GaAs(8).

Electrical contacts were made to the two-dimensional
electron gases of the GaAs(7) and GaAs(8) samples by
alloying indium into the heterostructurcs at 425°C for 5
min. Evaporated AuGeNi contact windows were used for
GaAs(9). Gold wires with 25-um diameters were sol-
dered to the contacts of all three devices

The samples were mounted on gold-plated, stainless
steel, twelve pin TO8 headers which plug into Textool
sockets All components of the sample probes (e.g.. poly-
tetrafluoroethylene (PTFE or Teflon)-coated wires, sock-
ets. connectors, etc.) have lcakage resistances that were
greater than 10'* Q.

MI. QuaNniuMm HaLL EFFFCT MEASUREMENT
PROCEDLRE
We cooled the samples slowly, m the dark, from room
temperature to 4 2 K The cooling rate was adjusted such
that the source~drain resistance R, decreased lincarly
with time over at least a 30-min time interval This pro-
cedure avoided freezing the electrons nto higher sub-
bands or into the conduction band
The samples were never exposed to cold air in order to
mimmize stresses on the ohmic contacts Two-terminal
contact resistances were measured at room temperature
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and at 4.2 X. No sample deterioration was observed over
a five-year time period.

Two different Hall probe sets were used for each of the
three samples, the center set, and an off-center set. These
four potential points form a loop consisting of two pairs
of ¥, and two pairs of V, contacts, where ¥, is the voltage
drop along the channel. The voltages summed to zero
around the loop to within the measurement uncertainty.

The quantum Hall platcaus ot all three samples were
flat to within +0 01 ppm over a magnetic field range that
was ~2 percent of the central field values when the de-
vices were cooled to ~ 1.2 K. See {2, Fig. 3] for a digital
mapping of a platecau

The quantum Hall steps and ¥, curves were plotted on
a chart recorder at a 1-ppm accuracy level every day that
Ry was measured. This ensured that the sample was still
satisfactory and that we remained on the center of the step.
We also measured the mimmum value of the voltage drop
along the channel V1" each day that R, was measured.
The reason for this measurement will become clear 1 the
next section.

IV. QuanNtum HAaLL RESISTOR TEMPERATURE AND
CURRENT DEPENDENCIES

Many laboratories [3], [4] have verified that there 15 a
temperature dependence of both the quantized Hall resis-
tance Ry and V™. The dependence can be determined by
measuring the correction to Ry for various values of
V" for each Hall probe set and for both magnetic field
directions This temperature dependence may bc mainly
due to the finite widths of the Hall potential probes [5]. It
also includes any effects due to conduction parallel to the
two-dimensional electron gas.

The temperature-dependence corrections were inten-
sively studied for GaAs (7} and GaAs(8), and adequately
studied for GaAs(9). The corrections were reproducible
over many different cool-downs from room temperature.
The largest temperature-dependence correction ever re-
quired was (0.026 + 0.002) ppm for one particular Hall
voltage measurement at 1.2 K. The typical correction was
(0.000 + 0.002) ppm.

The sample current I must be in a range where the val-
ues of Ry and R, = V{"/I are current-independent, and
well below the critical breakdown current I. [6], [7]. We
used [ = 25 pA for all three samples and verified current-
independence at 10 uA. The critical currents of these
samples werc within the range 300-500 uA. The current-
dependence corrections were negligible, and were as-
signed the value (0.000 + 0.001) ppm.

V. 6453.20-0 WIRE-WOUND REFERENCE RESISTORS

Four different 6453.20-Q wire-wound reference resis-
tors were used in comparisons with the quantized Hall
resistances. Each reference resistor was made up of series
and parallel combinations of Evanchm resistors wound on
mica cards. The Evanohm resistors were hermetically
sealed in silicone fluid-filled containers and were manu-
factured by Electro Scientific Industries. We then trimmed

the resistors to within a few parts per million of the valye
of Ry and placed them in portable NBS-built temperature.
regulated air bath enclosures. The enclosures were cop.
trolled to within +£0.002°C at a nomnal temperature of
27.4°C under constant ambient conditions and with ng
power load on the resistor. British Post Office (BPO) con-
nectors were used as terminations to the resistors.

VI Quantum Iianl. EFrECT MEASUREMENT Sysikmy

Three different measurement systems were used g
compate the value of Ry (4 ) with that of the 27 4°C nom-
inal temperature, 6453.20-0 wire~wound reference resis-
tors. The onginal measurement system was a manually-
operated potentiometric comparator [2]. [8] The sccond
quantumn Hall effect (QHE) measurement system was an
autemated, guarded., modified Wheatstone bndge |9] The
third measurement system was an automated potentio-
metric comparator [ 10]. All three QHE measurement sys-
tems have been thoroughly examined and are in excellent
agrecment.

A. Random Measurement Uncertainties

The manually operated potentiometric comparator has
a +0.011-ppm random, or type A, uncertainty for a 1-h
measurement period with a device current of 25 uA. The
random uncertainties of the automated resistance bridge
and the automated potentiometric comparator were both
+0.006 ppm for the same measurement period. All three
of these uncertainties were known with great confidence
because they were each based on a set of about one thou-
sand measurements.

A May 1988 comparison of Ry with the 6453.20-Q wire-
wound reference resistors is representative of recent mea-
surements. The random QHE measurement uncertainty for
a 4.3-h measurement period was +0.0029 ppm.

B. Systematic Measurement Uncerrainties

There were three principal systematic. or type B, un
certainties associated with each of the three QHE mea-
surement systems, They were due to leakage currents, de-
tector gain instabilities, and interchange errors.

The leakage resistances of all three measurement sys-
tems were greater than 10'2 Q. and were humidity-depen-
dent. The one standard deviation (10) uncertainty due to
leakage currents was typically +0.006 ppm for the first
two measurement systems, and +0.004 ppm for the au-
tomated potentiometric comparator.,

There was an uncertainty in calibrating the gains of the
electronic detector-digital voltmeter pair. The day-to-day
gains of the Leeds and Northrup 9829 Linear Amplifiers
varied by ~0.1 percent when the room temperature was
controlled to +1°C. The standard-deviation of a set of
detector gain measurements taken over a two-year period
for the new potentiometric measurement system was
+0.047 percent. Therefore, the uncertainty of its gain was
about +0.001 ppm when the reference resistor values
were 2-3 ppm different from Ry. The gain uncertainty was
about +0.003 ppm for the old manual potentiometric sys-



{AGE et al QUANTIZED HALL RESISTANCE

265

TABLE 1
EsTIMATED ONL STANDARD DEVIATION UNCERTAINTIES FOR THE May 10,
1988 S1kr-DOWN 10 ygs TiE ToraL ROOT-SUM-SQUARE UNCERTAINTY
Is +0 014 ppm roR THiS STEP-DOWN

QHE Sample

Type B Uncertainties

Temperature—
Dependence
(ppm)

Current—
Dependence
{ppm})

0 0020

0 0010

Rﬂ to 6,453.2-0 Heasurements

Measurement Type A Type B Uncertainties
System Random Leakage Gain Interchange
{ppm) (ppm) (ppm) (ppm}
Potent:iometric 0 0029 0 0050 0 0012 0 0041
6,453.2-0 to 1-] Resistance Scaling Measurements
Measurement Type A Type B Uncertainties
System Random Temperature Pressure Power Leakage Leads Linearaty 53 2-Q
(ppm) (ppm) (ppm) (ppm)  (ppm)  (ppm) (ppm) (ppm)
6,453 2-0 0 0046 0 0015 0 0010 00020 00030 O 0020 0 0020 0 0022
100-2 0 0043 0 0015 0 0010 0 0010 0 0010 0 0020 0 0020
1-0 0 0026 0 0015 0 0020 0 0010 0 0010 0.0030 0 0020
6,453.2~{1 Resistors
Type B Uncertainties
Self-heating Draft Transport  Temperature
(ppm) (ppm) (ppm) (ppm)
0 0030 0 0000 0 000 0 0000

tem. There were three detectors in the automated bridge
system, and their gains were correlated. We estimated that
the resistance bridge gain uncertainty was typically
+0.011 ppm.

There was a correction due to a measurement system

offset, or interchange error in which the value of Ry de-
pended on whether it was measured in the quantized Hall
resistance position of the measurement circuit or in the
reference resistor position. The error was often larger than
that expected from dc leakage current effects. It seemed
to be independent of the detector input current. The cor-
rection could be determined by interchanging the posi-
tions of the quantum Hall device and the reference resis-
tor. The error varied from day-to-day, so this interchange
was done every day that Ry was measured. The position-
dependent error was sometimes as large as (0.025 +
0.016) ppm for the old potentiometric system and (0.019
+ 0.011) ppm for the resistance bridge. It had been as
large as (0.013 + 0.004) ppm for the new potentiometric
System, but was typically (0.000 £+ 0.005) ppm.

The type B QHE measurement uncertainties for the
May 1988 comparison of Ry with the 6453.20-Q wire-
wound reference resistors were 3-0.0050 ppm for leakage
Currents, +0.0012 ppm for gain and linearity variations,

and + 0.0041 ppm for interchange errors. The May 1988
QHE measurement uncertainties are listed in Table L.

VII. QuantuMm HaiLL EFFECT MEASUREMENTS

Fig. 1 shows comparisons of { = 4 quantized Hall re-
sistances of the three GaAs devices against one of the
nominally-valued 6453.20-Q reference resistors during a
60 month time interval starting in May 1983. These data
are independent of the Hall device, the Hall probe set, the
magnetic field direction, and the quantum Hall effect mea-
surement system.

This figure demonstrates the improvements in measure-
ment accuracy. The manually-operated potentiometric
comparator, which was used from May 1983 until May
1985, had an uncertainty of about +0.02 ppm. The au-
tomated bridge system was used from May 1985 until Au-
gust 1986. It had an uncertainty of about +£0.015 ppm.
The automated potentiometric comparator had an uncer-
tainty of about +0.007 ppm, and had been used since
August 1986. The total root-sum-square uncertainty of the
May 1988 QHE measurement uncertainties listed in Table
I was +0.0072 ppm.

A weighted linear least squares fit, which takes into ac-
count the root-sum-square uncertainty of each measure-
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Stope = (-0 0461 £ 0 0012) ppm/year

235 % 001 ppm \ii\\‘l\i\1 }

AR/R (ppm)

I

225 - v - Bl . —_—— -
983 1984 1985 1986 1587 1988 1666

Years
Fig 1 Relative comparisons as a function of time of the resistance of the
{ = 4 steps of three different quantum Hall devices with that of 4 nom-
inally-valued 6453 20-Q wire-wound reference resistor Rg AR/R = (Vy
— Vg)/ Vg The value of this particular reference resistor 15 increasing
by (0 0461 £ 0 0012) ppm/ycar

ment, shows that the resistance of this particular reference
resistor 1s increasing at a rate of (0.0461 + 0.0012)
ppm/year. This unusually small and linear drift rate
(0.000 126 + 0.000 002 7) ppm /day enables us to con-
tinuously monitor the reliability of the three QHE mea-
surement systems. The values of the other three
6453.20-Q reference resistors are also drifting linearly

with time, but with dnift rates that are between two and

three times larger.

VIII. HAMON TRANSFER STANDARDS FOR STEP-DOWNS
FROM THE 6453.20-Q} REFERENCE RESISTORS TO (yngs

In order to monitor the NBS ohm, the nominally-valued
6453.20-Q reference resistors are calibrated in terms of
the set of five 1-Q resistors which define Qyugs. This is
done m two stages: the first stage uscs a 6453.20-Q to
100- scrics/parallel Hamon network [11] configuration
consisting of eight 800-Q resistors plus a series connected
53.2-Q resistor; the second stage uses a 100- to 1-Q Ha-
mon network consisting of ten 10-Q resistors.

Four NBS-built Hamon transfer standards are used in
the resistance scaling process. Hamon HQHA is the pri-
mary transfer standard for scaling from 6453.20 to 100 Q.
It contains nine sertes connected card-lype resistors sealed
in an alummum box filled with silicone fluid. The first
eight resistors have a nominal value of 800 { and the ninth
has a value of 53.20 Q to make the total 6453.20 Q. The
eight 800-Q resistors are comnected in parallel for the
100-Q measurements. BPO connectors are used for the
terminations. The shields of these connectors are isolated
from the metal case so that they can be driven by a guard
potential in order to reduce measurement errors resulting
from leakage currents HQHA has a drift rate of ~1.0
ppm /year.

Hamon HQHB is the check standard for scaling from
6453 20 to 100-Q It is similar in construction to HQHA.
The resistors in HQHB were overheated because of a de-
fective oven during its construction phase, and, as a re-
sult, the corrections of all the resistors shifted ~ 200 ppm.
It is not as stable as HQHA. with a drift rate of ~2.0
ppm /year.

Hamon H10A is the primary transfer standard for scgj.
ing from 100 to 1 . It 15 constructed using ten 10-Q re.
sistance elements of the Rosa design. The resistance ele.
ments are individually sealed in brass cans filled with 4
silicone heat sink compound. The terminations of H10A
are mercury-wetted contacts. The connectors for the par-
allel configuration consist of* 1) low-resistance amalgam.
ated copper shorting bars for the current terminations, angd
2) one of two fixtures having fan resistances of either
1 or 10 @ for the potential terminations. Hamon 10HA
exhibits good stability, with a drift rate of ~-0 |§
ppm/year.

Hamon H10B is the check standard for scaling from
100 to 1 Q. It is constructed using ten card-type 10-Q re-
sistors. The resistors are sealed 1n a thick-walled alumy-
num box filled with silicone fluid. The terminations for
HI10B are BPO connectors. Special BPO fixtures were
constructed for connecting the resistors in the parallel
mode.

IX. RESISTANCE MEASUREMENT SYSTEMS FOR STEP-
DownNs

Four measurement systems were used in the resistance
scaling process: the 1:1 measurements at the 1-Q level
were done using the automated NBS 1-Q direct-current
comparator system [12]. H10A and H10B were compared
to the NBS reference group which comprises the U.S. Le-
gal Ohm Qygs and to two control resistors that were stored
in Oil Bath I. The temperature of the oil bath was main-
tained at 25.000 + 0.003°C. The oil bath temperature,
as well as the ambient barometric pressure, was moni-
tored during a measurement run. The Qygg consists of five
Thomas-type resistors that were constructed in 1933 All
1-Q resistors were measured at a current level of 100 mA
(10 mW /resistor). Both H10A and H10B were situated
in Oil Bath I1. Either one could be connected to the mea-
surement system in Oil Bath 1 via a four-connector,
shielded, PTFE-insulated cable. )

The measurements at 100 2 were done using an auto-
mated dircci-current comparaior system similar in design.
construction, and operation to the 1-Q measurement sys-
tem. The 100-Q system was located i Bath III. A four
conductor cable from Bath III to Bath II connected either
H10A or HI10B to the 100-Q measurement system. An-
other cable from Bath III to Bath IV provided for the
100-Q measurements of either HQHA or HQHB, which
were located in Bath IV. Two Hamons, e.g., H10A and
HQHA, could be compared during a measurement run
As an additional check, two standard resistors and one
control resistor were also measured during a test run. All
100-Q resistors were measured at a current level of 10 mA
(10 mW /resistor).

Measurements at the 6453.20-Q level were made using
a guarded, resistance-ratio bridge. The adjustable part of
the bridge was a modified, commercial, direct-reading.
double-ratio set situated at Bath [V. The Hamon standards
and a 6453 20-Q secondary resistor were located in the oil
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path. A battery power supply and an electronic null de-
tector completed the bridge circuit. The 6453.20-Q resis-
tors were measured at a current level of 1.25 mA (~ 10.1
mW /resistor).

The 53.20-Q measurement was not very critical since it
only represented ~ 0.82 percent of the total resistance of
6453.20 Q. Usually this measurement was made using an
automatic NBS 0-100-0 resistance thermometer bridge
{13]. This bridge was calibrated at the 100-2 level before
and after the 53.20-Q measurements. In the past, the re-
sults from this measurement system were compared to the
results obtained using a de current comparator resistance
pridge. The results were in agreement to within +0.004
ppm of 6453 20-Q.

A. Measurement Uncertanties for Resistance Step-
Downs

There were seven uncertainties for each of the mea-
aurements at the 1-, 100-, and 6453.20-Q levels of a step-
down: one random or type-4 uncertainty and six system-
atic or type-B uncertainties, for a total of 21 uncertamnties.
The type-B uncertainties were due to: temperature varia-
tions, pressure fluctuauons. power coefficients, leakage
currents, connection resistances, and linearity problems.
In addition. there was one other type-B uncertainty, that
for calibrating the 53.20-Q resistor The 22 resistance
measurement uncertainties for the May 1988 step-down
to flxgs are listed in Table I. The root-sum-square resis-
tance measurement uncertainty is +0.0105 ppm for that
step-down. It has typically been +0.011 ppm since Sep-
tember 1985, and was +0.018 ppm before that.

These step-down uncertainties are much smaller than
the +0.044 ppm originally assigned in the past [2], [8].
That uncertainty was a very preliminary, highly conserv-
ative number which was always expected to be reduced
significantly upon the completion of a thorough but real-
istic evaluation of the step-down procedure as has now
been done in connection with the preparation of this pa-
pet.

One check of the accuracy of the step-down procedure
was to replace the two primary Hamon transfer standards
with the two check standards. They were in complete
agreement. well within the +0.011-ppm uncertainty as-
signed to the NBS process. Another check tested the com-
piete scaling procedure by replacing the two primary Ha-
mon transfer standards with the 6453.20- to 1-Q Hamon
transfer standard that was designed, constructed, and used
at the National Measurement Laboratory (NML) in Aus-
tralia [14]. This Hamon network is comprised of eighty-
three 80.333-Q resistors. The series configuration consists
of eighty resistors 1n series with the remaining three in
parallel. The parallel configuration uses the same eighty
resistors in parallel and the same three resistors in series.
The difference [15] between the NBS and NML methods
of scaling from the 6453.20-Q level to the 1-Q level was
again within the +£0.011 ppm uncertainty assigned to the
NBS process.
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X. 6453.20-2 REFERENCE RESISTOR POWER
COEFFICIENTS AND TRANSPORT UJNCERTAINTIES

The current used in the step-downs was 1.25 mA (10
mW ) for the 6453.20-Q reference resistors, whereas 1t was
25 pA in the QHE resistance comparisons. This addi-
tional current caused a self-heating effect in the reference
resistors. The reference resistors were maintained in con-
stant-temperature air baths, which enhanced the sclf-heat-
ing effect. At higher currents, the self-heating increased
the temperature of the stlicone fluid surrounding the ref-
erence resistors, and therefore, changed the values of the
resistors,

In the past this self-heating effect was measured indi-
rectly, and a ( +0 02 + 0.02) ppm correction was applied
to the values of the 6453.20-Q reference resistors in the
step-down procedure. We have recently directly measured
the self-heating effects of the reference resistors, and can
now apply a correction to within a +0.005-ppm uncer-
tainty for all previous measurements. The typical correc-
tion is now ( +0.009 + 0.005) ppm.

The values of the reference resistors change with time
in a very predictable way, €.g., see Fig. L. We, therefore,
corrected for the small changes mn resistance due to the
few days difference between the mean dates for the QHE
measurements and the resistance scaling measurements.
The correction was 4-0.0020 ppm for the May 1988 step-
down, with a negligible uncertainty.

The values of the reference resistors could shift during
transport between the QHE and the resistance scaling lab-
oratories. Therefore, the reference resistors were inter-
compared (using the QHE measurement system) both be-
fore and after transport. Transport shifts could be detected
if they were larger than the random uncertainty of the QHE
measurement system. If, as happened on one occasion, a
transport shift was detected, that step-down measurement
was rejected. We assigned no uncertainties (other than the
QHE random uncertainty) to successful transports.

The air bath temperature of the reference resistors could
be different in the QHE and in the resistance scaling lab-
oratories. We, therefore, monitored this temperature, and
applied a correction if necessary. No correction was nec-
essary, but there was an uncertainty due to reading the
temperature. This uncertainty was +0.010 ppm from
1983-1984, +0.003 ppm from 1985-1986, and has been
negligible since. The 6453.20-Q reference resistor uncer-
tanties for the May 1988 step-down are also listed in Ta-

ble I.

XI. STEP-DOWNS 10 Qxps

Measurements involving the entire sequence (quan-
tized Hall resistance comparisons with nominally-vatued
6453.20-Q reference resistors and then step-downs to
Qunps) were made on eleven occasions over a 57 month
interval commencing in August 1983. The data are listed
in Table 11. The total 1-o root-sum-square uncertainty has
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% 001 ppm
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Fig 2 Monitoring as a tunction of time the value of R, expressed as a
difference 1n ppm from a reference value of 25 812 8 Qugs AR/R =
(Ry — 25 812.8 Qypy) /25 812 8 Qupy These data indicate that the U S
Legal Ohm, Qyugs. 1s decreasing by (0 0529 + 0 0040) ppm,/year

AR/R (ppm)

TABLE I
RESUL 1S OF THE STEP-DOWN 10 THE U S. LEGAL OnM, Ry = Qyps. THE
V ALUES ARE EXPRESSED AS THE DIFFERENCE IN ppm FROM 25 812 8 Qyp,
THE RoOT-SUM-SQUARE TOTAL UNCERTAINTIES ARE AT THE ONE
STANDARD DEVIATIUN (68 PFRCFNT)Y CUNFIDENCE LEVEL

Total

Mean Date Value (ppm) Uncertainty {ppm)

22 August 1983 1 633 0 033
22 November 1983 1 662 0 029
6 Apr1l 1984 1622 " 0 030
8 May 1985 1 719 0 023 .
25 September 1985 1727 0 020
13 February 1986 1 749 0 019
13 August 1986 1 782 0 017
28 April 1987 1814 0 015
S September 1987 1 830 0 016
5 January 1988 1 860 0 013
10 May 1988 1 873 0 014

improved by a factor of 2.4 over this period. It was
10.014 ppm for the May 1988 mcasurement. This total
uncertainty includes the QHE random measurement un-
certainty, the three resistance scaling random uncertain-
ties, and the 28 type-B systematic uncertainties described
in the sections above, for a total of 32 type-A4 and type-B
uncertainty components.

Fig. 2 shows the results of these measurements. The
fings 1> decreasing wiill time. A weighied lincar lcasi
squares fit which takes into account the correlations be-
tween the uncertainties [16] yields a drift rate of dQugg/dt
= —(0.0529 + 0.0040) ppm/year. The value dQunsd!
= —(0.0632 + 0.0043) uQ/year, which we obtain from
the results of international comparisons of 1-{ resistance
standards with the National Measurement Laboratory of
Australia (NML) through the International Bureau of
Weights and Measures (BIPM) over the period 1973-
1987, is not inconsistent with this result. (The NML ohm
representation is based on periodic calculable capacitor
realizations of the ohm and thus is time-independent.)
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The time-dependent expression for Ry in terms of Qy,
is: )

Ry = 25 812.8[1 + (1.842 + 0.012) x 107°
+ (0.0520 + 0.0040)(s — 0.07785)
X 1075/year] Quas (2)

where ¢ 1s measured in years from January 1, 1987. Note
that: 1) because a correlated-error least squares fit wag
used, the intercept and slope uncertainties represent their
respective total uncertainties, and 2) equation (2) has been
written in such a way that these two uncertainties are un-
correlated (i.e., the resulting 2 X 2 error matrix of the
least squares fit has been diagonalized). This is the reason
for the factor (¢ - 0.7785) in the equation. For January
1. 1987 (1r.e.. t = 0) we find from (1) that Ry =
25812.8[1 + (1.801 + 0.012) x 10% =
25 812.84 649(31) Q.pg. The least squares fit to the
¢leven data puints of Fig. 2 is quite satisfactory. The x’
is 6.6, well below the expected value of 9.0. The uncer-
tainties given in (1) have not been reduced by the implied
multiplicative scale factor {x*/9.01""* = 0.86

We shall continue to carry out these measurements to
monitor the time-dependence of Qygg in anticipation of
the world-wide adoption beginning January 1, 1990 of a
recommended value of Ry for the purpose of basing a rc-
producible representation of the ohm on the quantized Hall
effect.

XII. ST REPRESENTATION OF THE OHM

These measurements express Ry 1n terms of Qypg The
NBS calculable capacitor experiment {17], [18] can he
used to realize the SI representation of the ohm, and thus
the SI value of Ry, and a value of the fine-structure con-
stant, . The SI value of R, and a value of « can also be
derived from the determination, in NBS electrical umis,
of the proton gyromagnetic ratio by the low-field method
vy(low) [19] and the Josephson frequency-to-voltage
El;)}tientiZe /h [20]. These results are described 1n {18]-
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