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ABSTRACT
The design, manufacture, and characterization of an inexpensive, temperature-controlled vacuum chamber with millikelvin stability for
electrical transport measurements at and near room temperature is reported. A commercially available Peltier device and a high-precision
temperature controller are used to actively heat and cool the sample space. The system was designed to minimize thermal fluctuations in
spintronic and semiconductor transport measurements, but the general principle is relevant to a wide range of electrical measurement appli-
cations. The main issues overcome are the mounting of a sample with a path of high thermal conductivity through to the Peltier device and
the heat sinking of the said Peltier device inside a vacuum. A copper slug is used as the mount for a sample, and a large copper block is used
as a thermal feedthrough before a passive heat sink is used to cool this block. The Peltier device provides 20 W of heating and cooling power,
achieving a maximum range of 30 K below and 40 K above the ambient temperature. The temperature stability is within 5 mK at all set points
with an even better performance above the ambient temperature. A vacuum pressure of 10−8 hPa is achievable. As a demonstration, we present
experimental results from current-induced electrical switching of a CuMnAs thin film. Transport measurements with and without the Peltier
control emphasize the importance of a constant temperature in these applications. The thermal lag between the sample space measurement
and the sample itself is observed through magnetoresistance values measured during a temperature sweep.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0186155

I. INTRODUCTION

Electrical transport measurements are ubiquitous in materi-
als research, such as in the study of electronic, thermoelectric, and
spintronic devices.1–6 In most cases, these devices are used under
ambient or near-ambient conditions, with the device encased in a
protective case, such as under potting compounds. The characteri-
zation measurements performed in pursuit of such devices, however,
are typically performed in atmosphere, lacking effective temperature
control, or in cryostats, which often do not perform well near room
temperature.

Here, the design, manufacture, and characterization of an inex-
pensive, stable temperature-controlled vacuum chamber for elec-
trical transport measurements at and near room temperature are
reported. This system uses a Peltier device (also known as a thermo-
electric heat pump, thermo-electric generator, or thermo-electric

cooler) to control the sample temperature and has a short ther-
mal path between the sample and a thermal reservoir to aid in the
removal of waste heat from the sample.

A Peltier device is a bi-directional heat pump capable of high
precision temperature control within an ∼50 K range relative to
room temperature. Therefore, they are a popular solution for tem-
perature control near ambient temperature in many non-vacuum
applications.7 A Peltier device can rapidly switch between heating
and cooling to achieve stable and high precision temperature con-
trol. Only a few other systems have been developed that utilize
Peltier devices to control the temperature inside vacuum chambers,
for example, for x-ray,8 neutron scattering,9 and material process-
ing applications.10 In Ref. 11, Raihane et al. reported on a system
in which a Peltier device, mounted outside a vacuum chamber, is
used to control the temperature for measurements of the glass tran-
sition temperature in thin film polymers. Their design is effective
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for their specific requirements; however, for transport measurement
applications, several features could be optimized.

In Ref. 11, the vacuum chamber is sealed with copper gas-
kets making swapping samples expensive and difficult; the sample
cell is separately sealed introducing more complexity; and the num-
ber of electrical connections to the sample is fewer than required
for more general transport measurements. Our aim was to cre-
ate a system that is more generally applicable to condensed mat-
ter research and to also include the following performance crite-
ria: pressure <10−6 hPa, stability within ±10−2 K, and range of
−5 to 50 ○C. The sample should have up to 12 electrical con-
nections, and there must be a good thermal path between the
Peltier device and the sample. Additionally, the Peltier power wires
should be electrically shielded from the measurement wires to avoid
interference.

The resulting design, photograph shown in Fig. 1, utilizes a
large mass of high purity copper as a thermal feedthrough, to which
the Peltier device and sample space are attached. This copper is then
cooled outside the vacuum using a conventional passive method.
The system has since become a staple in our research, and so we
hope to share our insights with the reader now. In the following,
the key design features are explained with some important compro-
mises being highlighted before the performance in terms of vacuum
and temperature control is reported. To demonstrate a typical appli-
cation and highlight the significance of stable temperature control,
we present as an example some current-induced switching mea-
surements of an antiferromagnetic CuMnAs thin film. Finally, some

suggestions and possible improvements are provided for others
wishing to produce a similar system, who may have slightly different
requirements or expectations.

II. DESIGN
The system comprises a T-shaped vacuum chamber, as shown

in the computer-aided design (CAD) drawing of Fig. 2(a), with a
pumping port on top and a sealed bottom achieved by vacuum braz-
ing a copper cylinder inside it. This copper cylinder acts both as a
mounting point and as a thermal feedthrough. The two arms of the
T chamber are used for signal feedthroughs. The Peltier device is
sandwiched between a copper sample space and the bottom cop-
per cylinder of the vacuum chamber, with a bracket to tidy the
wiring and keep the Peltier device central. Four holes in the cop-
per cylinder below the vacuum chamber allow L-shaped heat pipes
to conduct heat between the Peltier device and heat sinks. The
heat sink acts as a heat source for the Peltier device when heating
the sample space and as a radiator to expel waste heat when the
device is cooled. A two-part copper bracket sandwiches the pipes.
A large passive heat sink was chosen over more common, small,
fan-assisted heat sinks because the vibrations of a fan may induce
additional noise to sensitive measurements. The signal feedthroughs
facilitate a 12-pin header on one side and the two power pins of
the Peltier device and four pins of a PT100 platinum resistor on
the other side. The stand was made from extruded aluminum for
the base and an aluminum plate for the bracket. A stainless steel

FIG. 1. Photograph of the fully assembled system. The beige cable runs from the power feedthrough (D) to connect the Peltier device and PT100 sensor to the temperature
control unit (E), which is in a housing with the mains AC to DC converter, screen, and connectors. The black cable connects the external thermocouple (F), which is embedded
in the thermal feedthrough (G), to the temperature control unit. The gray cable connects the signal feedthrough (A) to the breakout box (H), which provides convenient access
to each of the 12 sample wires using either the central pin of a BNC connector or a 4 mm banana plug. The heat sink assembly (B) can be seen and the main chamber (C),
which contains the sample space and the Peltier device (within the vacuum chamber), is also shown.
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FIG. 2. Exploded views of the 3D CAD drawings for the system excluding wiring and most fasteners. (a) shows the assembly of the whole system, while (b) focuses on the
smaller parts of the sample space. The letter labels match those shown in Fig. 1: A is the signal feedthrough, B is the heat sink, C is the sample space sub-assembly, D is
the power feedthrough, F is the external thermocouple, and G is the thermal feedthrough. The red boxes in (a) correspond to the components drawn in panel (b).

threaded rod was used to secure the heat sink to the stand, and
regular nuts and machine screws were used to apply mounting
pressure to the copper bracket and the heat sink contact areas. A
thermocouple is inserted into the copper cylinder as centrally and
as close to the Peltier as possible to provide heat sink temperature
monitoring.

The sample space houses the resistor and the 12-pin sample
header’s matching socket, as shown in Fig. 2(b). The sample is
attached to a copper slug, which runs through the center of the sam-
ple header using thermally conductive varnish or a silver conductive
paste, before bonding wires are used to connect the sample to the
pins of the header. The header can then be put into the socket. The
lid and the raised stem of the sample space are designed to apply
a small amount of pressure onto the header to ensure good thermal
contact between the sample and the Peltier device through the raised
stem. The spacer block is simply the admission of a miscalculation
whereby the pipes could not be inserted unless the sample space was
raised by a centimeter. The sample socket is mounted to the sample
space using two machine screws made from polyether ether ketone
(PEEK), a machinable polymer suitable for high vacuum applica-
tions. The sample space, the Peltier bracket, and the space block are
all fastened to the copper cylinder of the vacuum chamber using steel
screws.

To control the temperature, an off-the-shelf 20 W, 20× 20 mm2

Peltier device was controlled by a Meerstetter EngineeringTM

TEC-1089 precision Peltier temperature controller. This controller

reads both the sample space temperature and the external copper
block temperature and has a range of features, including protec-
tions against over-current when changing from heating to cool-
ing and auto-tuning of the proportional integral derivative (PID)
parameters.

III. MANUFACTURE
The main body of the vacuum chamber was manufactured by

LewVac by welding the tubes and flanges to make the T shape and
then vacuum brazing the copper cylinder into the large tube. The
body is a stainless steel tube with 50.8 mm of outer diameter (OD)
with one 40 mm OD tube and one 19 mm OD tube. The 50 mm
tube has a Klein Flange for quick and easy access, while the other
two flanges are copper flanges for a better and more permanent seal.
The 19 mm tube is expanded with an adapter to accommodate a
19-pin signal feedthrough and the 40 mm tube has a six-pin power
feedthrough. Four of these pins are used for the PT100 sensor and
the remaining two for the Peltier device itself. Any internal thermal
contacting face is joined with vacuum-safe thermally conductive var-
nish, while all external thermal contacts are joined with a thermal
paste.

The in-house workshop’s computer numerically controlled
(CNC) milling machines and manual lathes are the primary tools
for the manufacture of the three custom parts and to drill the
four holes in the copper cylinder. These machines are also utilized
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to manufacture the proprietary headers. All the mounting holes
were drilled using the CNC mill, and the heat pipe holes in the
thermal feedthrough were first drilled and then reamed to enable
a press fit.

The sample space and lid were first turned on a lathe before
the internal geometries were milled. Through holes were drilled for
bolting to the vacuum chamber, and holes were drilled and tapped
for attaching the lid and sample socket. The Peltier bracket, sam-
ple socket body, and sample header bodies are made from PEEK.
The pins and sockets were press-fitted to their respective bodies. The
Peltier device is inserted into the bracket, with its wires fed through
holes in the outer cylindrical face to be fed to the power feedthrough.
The copper heat pipe brackets were made by first drilling four holes
in a block of copper and then splitting the block into half using a
slitting saw on the mill. The meeting face of one bracket and the heat
sink were polished, removing the anodizing on the heat sink to max-
imize the thermal conduction. The stand members are made from
extruded aluminum, and the clamp halves were made by milling a
50.8 mm hole in a piece of 10 mm thick aluminum and then split-
ting it in twain. One-half has a through hole to clear the threaded
rods, and the other is tapped to a matching thread.

The wiring was done using a vacuum safe solder to connect
single-core enamelled wires to the 12-pin sample socket and the
PT100 sensor. The Peltier power wires were multi-core wires pro-
tected with ceramic beads. The feedthroughs have been designed
such that they can be removed from the wires on the inside and
outside. The signal feedthrough uses crimp connectors to make a
plug that can be inserted to the feedthrough as one piece. The power
feedthrough uses double-ended copper screw terminals to make it
possible to disconnect the wires so that no solder is needed on
these connections. On the outside, MIL-SPEC connectors are typical
and so these were used. The Peltier controller and necessary power
supply and connectors are all housed in one box. The external ther-
mocouple is press-fitted into the copper cylinder with thermal paste
to improve the thermal conductivity, and the thermocouple has its
own connector on the controller housing (the thin black cable shown
in Fig. 1).

IV. PERFORMANCE CHARACTERIZATION
The key performance criteria are vacuum pressure, tempera-

ture control range, thermal stability, and sample thermal response.
Pressures of 10−6 hPa are readily achieved just by pumping with
a turbo pump. If lower pressures are required then by heating the
sample space using nothing but the Peltier device, it is possible to
reduce the pressure to 10−8 hPa. The turbo pump can be run con-
tinuously. If vibrations are found to introduce measurement noise
then a valve can be closed to isolate the chamber. The leak rate was
estimated to be 10−6 hPa s−1 and so high vacuum will be lost within
an hour.

The maximum temperature range was found to be −8 to
+65 ○C with an ambient temperature of 22 ○C. The stability was
tested and is shown in Figs. 3(a)–3(c). The stability was mea-
sured at (a) −5, (b) 21, and (c) 60 ○C, yielding root-mean-square
deviations from the setpoint of 1.6, 0.7, and 0.7 mK, respectively.
Figure 3(d) shows the amount of overshoot when ramping the
temperature from 21 to 60 ○C using the ramp rate suggested by
the autotuning. The maximum overshoot is 4 mK. The system

FIG. 3. (a)–(c) Plots of thermal stability over time for (a) T = −5 ○C, (b) T = 21 ○C,
and (c) T = 60 ○C with a room temperature of around 18 ○C. (d) Stabilization
portion of a ramp from T = 21 ○C to T = 60 ○C with a target ramp rate of
0.01 ○C/s.

is fully stable within about a minute after reaching the target
temperature.

V. APPLICATION EXAMPLE
CuMnAs is an antiferromagnetic material in which the mag-

netic order parameter can be switched using electrical current
pulses.12,13 Above a threshold pulse current density, CuMnAs thin
films exhibit a resistive switching signal that relaxes to equilibrium
over a time-scale of several minutes at room temperature.14–16 The
signal amplitude and decay rate display a strong temperature depen-
dence, providing an ideal study of the temperature stability in the
Peltier-controlled transport system.

A room-temperature switching experiment was carried out fol-
lowing the procedures in Refs. 12, 14, and 16. An eight-arm device,
with a 10 μm arm width, was fabricated from a 46 nm layer of CuM-
nAs epitaxially grown on GaP(001) using established methods.17

Figure 4(a) shows an optical micrograph of the patterned device.
The device was secured onto the sample header using GE varnish,
and wire bonds were made between the device contact pads and the
sample header pins. Once the device was loaded into the system sam-
ple socket, situated in the sample chamber shown in Fig. 2(b), the
system was evacuated to 10−6 hPa pressures.

Current pulses with a 51 mA amplitude and 1 ms duration,
were applied alternately along the diagonal arms of the device, as
shown by the red and blue arrows in Fig. 4(b). After each pulse,
a continuous 1 mA probe current was applied along the vertical
arm of the device, and the longitudinal voltage, Vxx, and transverse
voltage, Vxy, were measured for the following ∼200 s. The plots in
Fig. 4(c) show the measured sample space temperature (top row),
Rxy (middle row), and Rxx (bottom row) during a pulsing sequence
conducted with the Peltier controller turned off (left column) and set
to a temperature of 21 ○C (right column). Note that the Rxy signals
are centered on zero by subtracting the mean of the final 100 points
in each trace.

Rev. Sci. Instrum. 95, 035108 (2024); doi: 10.1063/5.0186155 95, 035108-4

© Author(s) 2024

 08 M
arch 2024 09:26:34

https://pubs.aip.org/aip/rsi


Review of
Scientific Instruments

ARTICLE pubs.aip.org/aip/rsi

FIG. 4. Current-induced resistive switching experiment conducted in the Peltier-controlled system. (a) Optical micrograph of the eight-arm CuMnAs device, with an arm width
of w = 10 μm. (b) Schematic of the pulse and probe geometry with the arm width, w, illustrated. Electrical pulses of 51 mA were applied along the diagonal arms of the device
[the red and blue arrows corresponding to the red circles and blue crosses in (c)]. After each pulse, a continuous probe current was applied along the vertical arm of the
device (black arrow) and the longitudinal voltage, Vxx, and transverse voltage, Vxy , were measured. (c) Switching measurements were carried out with the Peltier controller
turned off (left column) and turned on with a set temperature of 21 ○C (right column). The top two plots show the sample space temperature measured by the PT100 sensor.
The middle and bottom plots show the Rxy and Rxx measured, respectively, during a sequence of ten pairs of pulses. As shown in the comparison between the left and right
plots, stable temperature is crucial for achieving reproducible switching data. The size of the Rxy signal increases as the system temperature increases, and the base Rxx

value follows the temperature drift.

Both the Rxy and Rxx signals exhibit an appreciable tempera-
ture dependence. With the Peltier controller turned off, a sample
space temperature drift of ∼1.5 ○C caused a change in the Rxy sig-
nal amplitude of ≈30%, indicated by the dashed lines, and an Rxx
base value drift of 1% following the behavior of the sample temper-
ature. When the Peltier controller was turned on, a stable sample

temperature of 21 000 ± 0.003 ○C was achieved. The Rxy amplitude
was consistent for the complete pulsing set, as shown by the dashed
horizontal lines. The Rxx base value was stable within an 0.02%
variation.

In order to test the thermal conductivity between the sample
and the copper chamber, the transverse and linear resistances were
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FIG. 5. Plots of (a) Rxx and (b) Rxy for an eight-arm device with w = 5 μm arms fabricated on a 60 nm layer of CuMnAs0.9Sb0.1 during a temperature sweep from −8 to 30 ○C
over ≈30 min, with the measurement continuing for further 500 s after the sweep. In addition, Vxx and Vxy were measured simultaneously such that the resistances were
calculated by dividing these values by the applied current of 0.5 mA.

measured during a temperature sweep in the system. The eight-
arm device used for this study was fabricated from a 60 nm layer
of CuMnAs0.9Sb0.1 epitaxially grown on GaAs(001). The Sb doping
of this sample changes the strain but leaves the conductivity and
magnetic properties largely unaffected18 and so the sample can be
considered the same as pure CuMnAs for the sake of this test. A
current was applied along the [110] easy axis, and the transverse and
linear voltages were measured using the geometry shown in Fig. 4(b).
Figure 5 shows the resulting Rxx and Rxy values (red points) and
temperature readings (black line) as a function of time during the
temperature sweep. The difference between the Rxx values and the
temperature in panel (a) suggests a thermal lag of ≈100 s, while
the Rxy values in panel (b) track the temperature changes almost
exactly. The linear resistance value has a direct dependence on the
temperature, and so this result should be considered to be a more
accurate measure of the sample temperature and shows some ther-
mal lag between the sample and the Peltier device readout value.
The transverse resistance measurements should not have a large
temperature dependence, and so this changing value is indicative
of mixing between the linear and transverse voltage measurements,
as a result of deviations from the perfect device geometry in fab-
rication, and the delayed response may be hidden by the scatter
of the points.

VI. DISCUSSION AND OUTLOOK
A smaller thermal mass and, therefore, a more rapid thermal

response and reduced costs may appear attractive; however, our
experiments often include applying high current, short electrical
pulses to a sample repeatedly. Because of this, a large thermal mass
is preferable to diffuse the generated heat as quickly as possible.
It is also helpful simply by increasing the heat capacity and thus
reducing the effect of convection on the external side of the Peltier
device. It is also for thermal stability reasons that we chose to place
the Peltier device inside the vacuum chamber instead of having it
exposed to air. Finally, we chose to cool the heat sink passively to

avoid vibrations, which may introduce noise in sensitive electrical
measurements.

It may seem preferable for the system to be designed such that
a heat sink could be directly attached to the thermal feedthrough,
eliminating the need for heat pipes. However, this approach neces-
sitates added complexity in either manufacturing the system or
changing the sample, since the system would either need to be
designed with a complex shape of thermal feedthrough or be turned
upside down to mount the heat sink to (what is currently) the bot-
tom of the thermal feedthrough. This was deemed worse than the
chosen solution for this application.

In its current form, a magnetic field can only be applied along
one axis (the in-plane axis perpendicular to the arms of the T), but
the system cannot be rotated between the poles of a magnet for full
in-plane measurements because the arms get in the way. The design
could be adapted to enable the use of magnetic fields along more
than one axis.

With some adaptation, the sample space could be used for
many applications requiring this temperature range; however, if
there is no need for a large number of signal wires or a small bore,
it may be possible to find a simpler solution, such as the one used
by Raihane et al.11 There are many configurations possible for a
Peltier-controlled vacuum system, each with different priorities and
drawbacks. In our case, thermal stability, ease of sample swapping,
and mitigation of electrical noise are our three top priorities in the
design of the system.

Overall, this system has provided a relatively cheap and con-
venient way to ensure that minimal thermal fluctuations occur in
our transport measurements at and near room temperature, without
the need for cryogens. This was achieved through the combination
of a Peltier device placed inside a vacuum chamber, a thermal path
almost entirely made of high-purity copper, and the use of a high-
performance temperature controller. The system allows our samples
to be protected from oxidation while under testing and has since
become a staple in our research. With some modifications, we are
confident that most researchers requiring transport measurements
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would benefit from such a system in their repertoire. It is hoped that
this design inspires and helps readers looking for such a solution to
discover their ideal system.
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1J. Železnỳ, P. Wadley, K. Olejník, A. Hoffmann, and H. Ohno, Nat. Phys. 14, 220
(2018).
2E. Y. Vedmedenko et al., J. Phys. D: Appl. Phys. 53, 453001 (2020).
3Q. Shao, P. Li, L. Liu, H. Yang, S. Fukami, A. Razavi, H. Wu, K. Wang, F.
Freimuth, Y. Mokrousov, M. D. Stiles, S. Emori, A. Hoffmann, J. Åkerman, K.
Roy, J.-P. Wang, S.-H. Yang, K. Garello, and W. Zhang, IEEE Trans. Magn. 57,
800439 (2021).
4K. Sun, J. Chen, and X. Yan, Adv. Funct. Mater. 31, 2006773 (2021).
5V. K. Sangwan and M. C. Hersam, Annu. Rev. Phys. Chem. 69, 299 (2018).
6N. Jia, J. Cao, X. Y. Tan, J. Dong, H. Liu, C. K. I. Tan, J. Xu, Q. Yan, X. J. Loh, and
A. Suwardi, Mater. Today Phys. 21, 100519 (2021).
7M. K. Shilpa, M. A. Raheman, A. Aabid, M. Baig, R. K. Veeresha, and N. Kudva,
Fluid Dyn. Mater. Process. 19, 187 (2023).
8C. P. Mudd, H. Tipton, A. V. Parsegian, and D. Rau, Rev. Sci. Instrum. 58, 2110
(1987).
9M. Bonetti and P. Calmettes, Rev. Sci. Instrum. 68, 4163 (1997).
10C. D. Christiansen, K. K. Nielsen, and R. Bjørk, Rev. Sci. Instrum. 91, 033904
(2020).
11A. Raihane, R. Tourbot, F. Ladieu, and D. L’Hôte, Rev. Sci. Instrum. 83, 043903
(2012).
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Železnỳ, J. Gazquez, M. A. Roldan, M. Varela et al., Nat. Commun. 4, 2322 (2013).
18L. Barton, “Sb doped CuMnAs for antiferromagnetic spintronics,” Ph.D. thesis,
University of Nottingham, 2023.

Rev. Sci. Instrum. 95, 035108 (2024); doi: 10.1063/5.0186155 95, 035108-7

© Author(s) 2024

 08 M
arch 2024 09:26:34

https://pubs.aip.org/aip/rsi
https://doi.org/10.1038/s41567-018-0062-7
https://doi.org/10.1088/1361-6463/ab9d98
https://doi.org/10.1109/tmag.2021.3078583
https://doi.org/10.1002/adfm.202006773
https://doi.org/10.1146/annurev-physchem-050317-021353
https://doi.org/10.1016/j.mtphys.2021.100519
https://doi.org/10.32604/fdmp.2022.020351
https://doi.org/10.1063/1.1139472
https://doi.org/10.1063/1.1148362
https://doi.org/10.1063/1.5134737
https://doi.org/10.1063/1.3700217
https://doi.org/10.1126/science.aab1031
https://doi.org/10.1103/physrevlett.118.057701
https://doi.org/10.1038/ncomms15434
https://doi.org/10.1103/physrevapplied.12.064003
https://doi.org/10.1038/s41928-020-00506-4
https://doi.org/10.1038/ncomms3322

