
User GUides: 
nine reasons physicists stUdy 
materials at low temperatUres

CRYOSTATION

The physics of materials can yield valuable 
insights when studied at low temperatures. 
Certain physical phenomena can only be 
observed at cryogenic temperatures. Often, 
by bringing room temperature research to low 
temperatures, experimental results can be 
improved. Temperatures of below Oo C or that 
of liquid nitrogen may yield improvements for 
some, while temperatures in the nanoKelvin 

range are studied by others. For the purposes of 
this article, we will discuss low temperatures near 
the liquid helium temperature of 4K. Here we 
explore some of the reasons that it is beneficial 
or even necessary to go to cold temperatures 
and provide some applications using low 
temperatures. This list is not exhaustive, but 
shows the variety of applications and the 
potential for low temperatures in research.

One of the main reasons that researchers work at low temperatures 
is that molecular motion due to thermal excitation is reduced, 
resulting in narrower spectral peaks. For example, in optical 
spectroscopy phonon populations are reduced at low temperatures, 
allowing the noise floor to be lowered and spectral peaks to have 

higher intensity. Narrow linewidths of energy level transitions are necessary 
for some experiments. The reduction of phonon broadening is one of the main 
reasons that researchers cite for going to low temperatures; some require 
liquid nitrogen temperatures, but for many researchers it is important to go 
to liquid helium temperatures to conduct their experiments. Figure 1 shows 
the relationship between phonon broadening and sample temperature in a 
spectral hole burning application1.

Many researchers characterize materials at low 
temperatures. In some materials the electronic 
ground state energy level appears only at 
cryogenic temperatures. There is an increased 
probability of carriers recombining at low 

temperatures to form shallow states. Carriers can also be trapped 
in states below the bandgap related to material defects and 
impurities. These material properties are typically observed 
under cryogenic conditions using a non-invasive technique called 
photoluminescence. Figure 2 shows an experimental setup2 for 
photoluminescence and resultant spectra at room temperature 
and 4.5K.
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Figure 2. Typical setup of optical 
experiment using spectrometer 



In nitrogen vacancy 
centers, cooling to low 
temperatures allows 
access to the zero 
phonon line (ZPL). The 
spectra originating 

from light absorbing and emitting 
molecules in a matrix is broadened due 
to inhomogeneities in the matrix, which modifies the energy required for 
electronic transitions. The intensity of the zero-phonon line is strongly 
dependent on temperature. At room temperature the probability of the 
ZPL is close to zero, and becomes likely below about 40K, depending  on 
the strength of couplings in the material. Figure 3 shows the structure of a 
Nitrogen Vacancy center triplet ground state3.

Most research involving single photon sources requires cryogenic environments, including research on 
indistinguishable photons from quantum dots, which requires single photon emitters that are typically 
produced in environments less than 10K. Single-photon  emitters have been produced at room temperature, 
but for most materials at these higher temperatures, emitter excited state transitions overlap, which loses the 
single-photon characteristic of the emitter. Single-photon sources exhibit the least amount of dephasing and 
demonstrate the strongest similarities at low temperatures. The quantum dots that emit single photons stop 

luminescing as temperatures increase5.

Another advantage of 
cryogenic temperatures 
is that the optical 
excitation of solids 
exhibits longer collective 
motion of excited 

electronic states (coherence). Spin 
coherence lifetimes are also longer at 
low temperatures, making them easier to 
observe and run experiments during the 
course of the coherence lifetime. Spin 
polarized semiconductor devices have 
applications for quantum information 
storage and computing4.

Superconducting nanowire single-photon detectors 

(SNSPDs), which act as near-infrared and optical single 

photon detectors, are built based on a current biased 

superconducting nanowires. In order for the nanowires 

to be superconducting they must be cooled well below 

the superconducting temperature of the material; as low 

as 3K based on the material used. SNSPDs have high efficiency, low dark 

counts, and superb timing resolution; for these reasons they can be used in 

applications such as time-correlated single photon counting, quantum key 

distribution, quantum computing, characterization of quantum emitters, 

and integrated circuit testing. Figure 4 shows a superconducting nanowire 

and array of single photon detectors6. Since SNSPDs require low vibration 

and optical access through a window or a fiber, as well as cryogenic 
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At low temperatures, it is easier to compare experimental results to theory since all atoms are in the ground state 

and thermal noise is greatly decreased. Researchers can also observe the quantum mechanical nature of systems at 

low temperature. Signals are not averaged due to phonon broadening; each transition is seen individually, helping to 

deduce the quantum mechanical nature of a system.

Figure  4

positioning capability, the Cryostation is well 

suited to all of these demands required for this 

experimental setup.

Figure  3



Low temperatures are needed to study exciton-polaritons; quasiparticles 
which are the result of strong coupling of excitons and photons. 
This experiment often consists of a microcavity composed of gallium 
arsenide in which quantum wells are embedded in the microcavity plane. 
Applications of exciton-polaritons include fundamental research on 

ultra-low energy optical logic, such as all optical polariton transistors. Figure 5 shows 
AND/OR logic gate performed with an optical polariton transistor7.

For research involving micro-mechanical resonators coupled to NV 
centers, it is important to work at low temperatures because mechanical 
resonators are extremely sensitive force detectors, and their force 
sensitivity increases at low temperature due to reduced thermal force 
noise and reduced mechanical dissipation. Furthermore, temperature 

dependent studies of the quality factors of mechanical resonators lend insight into the 
mechanisms of dissipation. For research involving micro and nano mechanical resonators coupled to NV centers, 
high Q factors and low temperature are necessary to bring the resonators into the quantum regime8,9,10.
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There are undoubtedly many other applications. We 
wanted to highlight some of the exciting research that 
is being enabled by low temperature instrumentation, 
and specifically optical cryostats. If you have comments 
on this article, please let us know. We love hearing from 
researchers! Whether you are an expert at cryogenic 
engineering or thinking about going to cold temperatures to 

expand your research, the Montana Instruments Cryostation 
allows you to conduct experiments at liquid helium 
temperatures without the hassles of traditional cryogenic 
approaches. The system provides an integrated, automated 
platform which allows you to simply perform cryogenic 
research11. Our mission is to Make Cold Science Simple.
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