
4. Cryogenic Current Comparators operated in „dry“ cryocoolers

2. The Quantum Hall Effect in GaAs/GaAlAs and Graphene-based Devices [3,4]
• The Hall resistance plateaus, quantized in terms of the von Klitzing 

constant "RK", provide the realization of the resistance unit ‘ohm’ based on 
the Quantum Hall effect [1]

RHall = RK/2 = h/(2·e2) ≈  12.906 kΩ

Critical parameters: 
                             Temperature
                             Magnetic Field
                             Current

1. Introduction

3. Epitaxial Graphene: A New Standard in 
Quantum Resistance Metrology

Optical image of a graphene QHR 
device in Hall bar geometry, fabricated 

in the PTB’s clean room centre

• For QHR devices based on graphene grown on SiC substrate, the resistance 
plateau for i = 2 becomes accessible at B ≤ 5T and  T ≈ 4.2 K.

• The resistance plateau is comparably wide.

• GaAs/GaAlAs QHR devices require, relatively high magnetic 
fields B and relatively low temperatures.

• Typical operation conditions are B = 10.2 T and T = 2.2 K.
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In the quantum metrology triangle [2], three quantum effects 
define fundamental relations between the quantities el. voltage, 
el. current and the frequency/time. n and i are integer numbers.

f / s-1
Single electron effect

I / A

U / V

R Φ

Q

Current Frequency / time

Voltage

Q = I/f = n·e

6. Summary 

5. Topological Quantum Materials and the Quantum Anomalous Hall Effect

• Longitudinal (Rxx, in black) and Hall (Rxy, in red)
resistance plotted vs. external magnetic field (at 
optimal gate voltage). Inset: Photograph of a chip with 
two QAHE devices made from V-doped (BiSb)2Te3, 
mounted on a TO8 sample holder 

• Once the device is magnetized, Rxy is quantized in 
terms of RK at B = 0 T.

• Results from Hall voltage measurement performed with 
the CCC setup, demonstrating resistance quantization at 
zero external magnetic field with accuracy and uncertainty 
on levels of better than 10 nΩ/Ω [6]. Inset: Optical image 
of the QAHE device in Hall bar geometry.

• Inset picture is the optical image of a V-doped (BiSb)2Te3
QAHE device.

The QAHE enables 
realizing the combination 
with Josephson-based 
quantum voltage 
standards in a single 
cryo-cooler. [7]

7. References & Acknowledgements

40 cm

CCC installed in a 
liquid Helium-free 

cryocooler

• Traditional CCC systems rely on 
liquid He⁴, which is costly and 
increasingly scarce.

• A cryocooler-based CCC is being 
developed as a more sustainable 
and industry-friendly alternative, 
eliminating the need for liquid helium.

• PTB is supporting the development 
of a cryocooler-integrated CCC 
prototype in collaboration with 
industry partners, as part of a newly 
launched project.

• This new setup will simplify industrial 
quantum resistance measurements, 
balancing precision with operational 
ease.

• Such setup enables economic 
quantum resistance standard 
applications in calibration 
laboratories and in industry, 
balancing accuracy and precision 
with ease of operation.CCC

CCC immersed 
liquid Helium bath
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Graphene quantum Hall device from PTB  
mounted on a T0-8 sample holder [4]

Results from Hall resistance 
measurements performed with a 
cryogenic current comparator 
(CCC) measurement bridge [5] on 
diagonal and orthogonal voltage 
contact pairs. The measured 
values are plotted as relative 
deviation from RK/2.

Image of a tabletop cryocooler system that is 
used for graphene-based quantum Hall resistance 
(QHR) measurements at PTB.

• QHE devices based on GaAs/GaAlAs and graphene provide precise resistance 
standards, with graphene offering wider plateaus at lower fields and higher 
temperatures.

• Epitaxial graphene is a leading candidate for the material basis of next-generation 
quantum resistance standards, providing relaxed operation conditions that can be 
realized in compact cryocooler systems.

• PTB is collaborating with industry partners on the development of a cryocooler-
based CCC prototype to eliminate the need of liquid helium, making precision 
quantum measurements accessible also for industrial use.

• Topological materials enable the realization of the Quantum Anomalous Hall Effect 
(QAHE), providing resistance quantization without external magnetic field.
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