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INSTRUMENTATION AND MEASUREMENT
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High-temperature nuclear magnetic resonance (NMR) has proven to be very useful for detecting the temperature-
induced structural evolution and dynamics in melts. However, the sensitivity and precision of high-temperature NMR
probes are limited. Here we report a sensitive and stable high-temperature NMR probe based on laser-heating, suitable for
in situ studies of metallic melts, which can work stably at the temperature of up to 2000 K. In our design, a well-designed
optical path and the use of a water-cooled copper radio-frequency (RF) coil significantly optimize the signal-to-noise ratio
(S/NR) at high temperatures. Additionally, a precise temperature controlling system with an error of less than ±1 K has been
designed. After temperature calibration, the temperature measurement error is controlled within ±2 K. As a performance
testing, 27Al NMR spectra are measured in Zr-based metallic glass-forming liquid in situ. Results show that the S/NR
reaches 45 within 90 s even when the sample’s temperature is up to 1500 K and that the isothermal signal drift is better than
0.001 ppm per hour. This high-temperature NMR probe can be used to clarify some highly debated issues about metallic
liquids, such as glass transition and liquid–liquid transition.

Keywords: high-temperature NMR probe, laser beams, temperature measurement, metallic melts

PACS: 07.57.Pt, 61.25.Mv, 76.60.−k DOI: 10.1088/1674-1056/ac4a70

1. Introduction

Investigations of dynamic relaxation over different
timescales are crucial for understanding the natures of var-
ious materials such as glasses.[1–3] Nuclear magnetic reso-
nance (NMR) is a unique tool that can characterize the struc-
tures and dynamics over a wide range of timescales in solids
and liquids.[4–7] The extension of NMR to a high-temperature
range provides a good opportunity to study the details of the
structure and dynamics of various materials in liquid states
such as silicates,[8,9] oxides,[10] molten salts,[11,12] and metal-
lic liquids.[13–16] The success of high-temperature NMR ex-
periments depends significantly on designing a suitable NMR
probe, collecting the valid NMR spectra of the observed nu-
clei, and providing a stable high-temperature environment for
the sample studied. However, for NMR, introducing high tem-
peratures poses severe technical challenges. Specifically, be-
sides the size limitation of bores of high-field superconduct-
ing magnets and the tricky high-temperature measurements,
the compromise between the signal-to-noise ratio (S/NR) and
the achievable sample temperature is an unavoidable problem,
which has been previously reviewed in detail.[17–20] Nonethe-
less, over the past decades, many dedicated high-temperature
NMR probes employing resistive heating,[17,18,21–23] laser or

optical heating,[24–26] or other heating units,[27,28] have been
designed, some of which can even reach 2200 K.[29,30]

Recently, in situ high-temperature NMR measurements
of metallic melts and supercooled liquids have aroused
great interest because it leads to an improved understand-
ing of the role of temperature-induced structural evolution
and dynamic crossover in glass transition,[15,16,31] liquid–
liquid phase transition,[32,33] and melt heredity.[12,34] How-
ever, NMR observations of nuclei in metallic melts often pose
more complex challenges than in non-metallic melts. The
skin effect in metals significantly lowers the efficiency of
the transverse oscillating magnetic field exciting the observed
nuclei.[35] Furthermore, various complex interactions in met-
als, such as dipolar and indirect interactions between nuclei,
also make it hard to observe the resonance from some nu-
clei or even all nuclei,[36,37] although in liquid states, these
interactions are significantly motionally averaged out. Due to
the above mentioned problems, in situ NMR measurements of
metallic melts are usually very time-consuming because an ac-
cumulation of many scans is required to get a valid spectrum.
Therefore, a complete and successful high-temperature NMR
measurement requires a probe with good sensitivity and sta-
bility, even working at high temperature for a long time.

In the present work, we design a highly sensitive and pre-
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cise high-temperature (Tmax > 2000 K) NMR probe, which
remains stable in continuous operation at high temperatures
and is thus suitable for in situ investigations of metallic melts.
The probe employs two symmetrical and horizontal CO2 laser
beams as a heating element. A well-designed optical path not
only ensures that the sample is uniformly heated but also en-
ables the use of a more sensitive solenoidal RF coil. Mean-
while, using a fine thin-walled, water-cooled copper tube to
wind RF coils significantly increases the S/NR under high-
temperature conditions. Through computer programming and
with the use of proportional-integral-derivative (PID) temper-
ature controller, the rapid feedback adjustment between laser
power (controlled by duty cycle) and the sample temperature
is achieved, which reduces the temperature oscillation to <

±1 K. The temperature measurement error is controlled within
±2 K after the temperature calibration by heating various pure
metals to melting. The probe’s performance is demonstrated
by the 27Al spectra acquired in situ from Cu40Zr40Al20 equi-
librium melts at different temperatures. Even above 1500 K,
the S/NR of the 27Al NMR spectra could reach 45 with only
512 scans (about 90 s).

2. Description of probe
As shown in Fig. 1(a), our High-temperature NMR appa-

ratus mainly consists of the homemade laser-heating probe, a
cryogen free superconducting 9.4 T magnet for NMR with the

homogeneity sufficiently to achieve few ppm (below 10 ppm
in the radial profile in a region of 20 mm diameter sphere),
and a NMR console which controls the NMR spectrometer
to aquire the spectra. In our design, the heating element of
the high-temperature NMR probe consists of two computer-
controlled 50 W CO2 laser sources. Compared to the con-
ventional resistance heating method, the use of laser beams
has obvious advantages, which have been reviewed in detail
previously.[20] As shown in Fig. 1(a), two laser beams are fed
horizontally and symmetrically from the top of the magnet.
They are first reflected by 45◦ reflectors, then focused by ZnSe
lenses, and finally shot vertically into the probe residing in
the bore of the superconducting magnet. A laser pointer (red
light), collinear with the primary laser, provides a visualiza-
tion of the optical path, enabling the adjustment of the laser
beams to their target positions. Inside the probe, as sketched
in Fig. 1(b), two vertical laser beams pass through the trans-
parent ZnSe windows, and then are reflected by 45◦ copper
mirrors on the water-cooled base plate, and finally symmetri-
cally irradiate horizontally on both sides of the sample holder.
Symmetrical irradiation ensures a better thermal homogeneity
of the samples. More importantly, such a design of the optical
path allows the use of a solenoidal RF coil.[38,39] with higher
sensitivity, a stronger RF field, and a better homogeneity in-
stead of a saddle-shaped RF coil used in previous laser-heating
probes.[30,40]
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Fig. 1. Schematic diagram of high-temperature NMR experimental setup based on laser-heating. (a) Simplified drawing of high-temperature
NMR apparatus including laser-heating system, temperature monitoring and controlling system, high-temperature probe and 9.4 T superconducting
magnet. (b) Cross-section of the high-temperature probe-head (black dashed frame in (a)). (c), (d) Schematic construction diagram of the RF coil
(the black dotted frame in (b)).

Herein, the RF coil of our high-temperature probe is a

7-turn solenoid with an inner diameter of 6 mm, as shown

in Figs. 1(c) and 1(d). The RF coil is made by winding a

fine water-cooled, thin-walled copper tube with a diameter of

1 mm. It is connected to a water chiller so that the RF coil

can remain cold despite working at a high sample temperature.

According to the simplified formula for the signal-to-noise ra-

tio ψ of an NMR experiment proposed by J. F. Stebbins,[17]

ψ = cVsT−1/2
ρ
−1/4V−α

c , (1)

the S/NR is strongly dependent on the temperature T , the re-
sistivity ρ at T , and the fill factor (the ratio of sample vol-
ume Vs to coil volume Vc) of the RF coil. Hence, the appli-
cation of the water-cooled RF coil poses apparent advantages.
First, the thermal noise from a heated RF coil can be signif-
icantly suppressed, which guarantees a high signal quality at

040706-2



Chin. Phys. B 31, 040706 (2022)

high temperatures. Second, the RF coil can be made of metals
with better conductivity, such as copper or silver, rather than
the refractory but very low conductive metals used in previous
designs.[22,41] Third, no other thermal insulation, except the
quart tube, is required between the coil and the sample holder,
maximizing the filling factor. Lastly, as other RF electronic
components are placed on a copper plate outside the double-
walled water-cooled chamber made of aluminum alloy, such a
design minimizes the impact of the waste heat from the sample
holder.

As shown by Fig. 1(c), the sample holder is placed hor-
izontally inside the RF coil, and a quartz tube is put between
them. High-purity hexagonal boron nitride is selected as the
material of the sample holder because it is an excellent dielec-
tric, highly thermally conductive, and nonreactive with met-
als, which has been used in laser-heating experiments since
a long time ago.[24,25] Thanks to the high energy efficiency
of laser irradiation and the high thermal conductivity of the
boron nitride, the sample holder acts as a small but power-
ful furnace, which can quickly heat the samples in it. The
boron nitride crucible is machined into a cuboid with a size
of 7 mm×3.5 mm×3.5 mm. As presented in Fig. 1(d), only
two edges of the sample holder are in contact with the quartz
tube, which minimizes the heat conduction between the cru-
cible and the coil. As shown in Fig. 1(c), the thermocouple is
inserted in the hole drilled into the boron nitride crucible and
located close to the sample. This configuration ensures that
the measured temperature is close to the actual temperature of
the sample. Nonetheless, temperature calibration is necessary
for high precision, which will be discussed in detail later. The
thermocouple used here is the Wu–Re thermocouple, specially
made for high-temperature measurements.

In addition, preventing samples’ oxidation at high tem-
peratures is crucial for obtaining valid data in NMR in situ
studies of metallic melts. In each high-temperature NMR ex-
periment, the chamber is flushed with 99.999% high-purity ar-
gon gas more than five times after the sample is loaded. Then
the chamber is pumped to a high vacuum better than 10−5 Pa
by a turbopump. Next, high-purity inert or reducing gas is in-
jected into the chamber to a pressure of about 0.1 Pa, which
is helpful to minimize the volatilization of the molten metals.
When the crucible is heated, the gas temperature inside the
probe is expected to remain below 500 ◦C owing to the cool-
ing of the cooling-water jacket. Assuming that the pressure
is proportional to the temperature, the pressure is expected
to increase by 2–3 times, namely, 0.2–0.3 Pa, which is still
lower than the ambient pressure. The experimental results to
be shown in Subsection 4.2 will also clarify that 27Al NMR
spectra have perfect Lorentzian line shapes, which indicates
that the gas tightness of our probe is good enough, even for
Zr-based alloys that are easily oxidized.

3. Temperature control and calibration
3.1. Temperature control

Precise control and determination of the sample temper-
ature are essential for the successful capture of the potential
structural change or dynamics crossover in melts and the sub-
sequent interpretation of the experimental data. As shown in
Fig. 2(a), through computer programming and using the PID
temperature controller, we have established a rapid feedback
adjustment system between the laser power (duty cycle) and
the temperature measured by the thermocouple. This system
is used to control the sample temperature accurately. As shown
by Fig. 2(b), the temperature fluctuation can still be controlled
within ±1 ◦C even at 1500 ◦C, which is crucial for isothermal
measurements of equilibrium melts.
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Fig. 2. Temperature profile during isothermal tests at (a) 400 ◦C and
(b) 1500 ◦C, respectively. The dashed lines represent the upper and lower
limits of the temperature fluctuation.

3.2. Temperature monitoring and calibration

A common approach to accurately determine the temper-
ature is via NMR-observable phase transitions, which is suit-
able for the NMR experiments below 900 ◦C.[42–44] Optical
pyrometers, usually used in laser-heating experiments,[30] are
not employed in our design because they have lower accuracy
than thermocouples, and their use is unpractical for our probe
since the sample is located in an opaque chamber. In our sce-
nario, the thermocouple is used to monitor the sample temper-
ature. Here we calibrate the sample temperature through the
perturbations on the temperature ramping rate curves caused
by the latent heat of fusion of a range of pure metals. Figure 3
shows the heating curve of pure Cu during high-temperature
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NMR experiments. When the solid copper melts, there is an
instantaneous over-compensation of laser power in response
to the latent heat, resulting in a spike (as indicated by the or-
ange arrow) on the temperature ramping rate curve (blue line),
while the change in the temperature ramping curve induced
by this over-compensation (as displayed in the right inset) is
weak. The evolution of 63Cu NMR spectra also proves the
occurrence of melting. As shown by the right inset, the peak
position (Knight shift) of 63Cu NMR spectra changes abruptly
from 2500 ppm to 2615 ppm, accompanied by an evident nar-
rowing of peak linewidth after melting, which has been previ-
ously reported in detail.[45,46]

Hence, it is reasonable to assume that the onset tempera-
ture of the spike on the temperature ramping rate curve corre-
sponds to the melting point of the pure metals. Therefore, we
carried out the same heating operation for pure In, Zn, Al, Ag,
Pd as shown in Figs. 4(a)–4(e), respectively. Subsequently, a
temperature calibration curve is obtained over a wide range of
100 ◦C to 1600 ◦C, as displayed in Fig. 4(f). The data were
well fitted using a linear relationship

T = 9.512+1.069×TD, (2)

where T is the sample temperature (◦C), and TD is the display
temperature.
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Fig. 3. Temperature profile (upper panel) at 50 K/min and the correspond-
ing ramping rate curve (lower panel) for the high-temperature NMR exper-
iments of pure copper. The ramping rate is taken from the differential of
the temperature curve. The right inset is the magnified image of the black
line frame on the temperature curve. The left inset displays the 63Cu NMR
spectra before and after melting.
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High-temperature NMR experiments of pure aluminum
and copper are carried out to verify the temperature accu-
racy after calibration because their melting points can be eas-
ily determined by the abrupt change of Knight shift (Ks) in
NMR spectra. As shown in Fig. 5(a), when the Al melts,
the co-existence of the Al liquidus peak (1606 ppm, refer-
ence: 1 mol−1 AlCl3 aqueous solution) and the Al solidus
peak (1641 ppm) can be observed in 27Al NMR spectra. As
the melting process progresses, the intensity of the liquidus
peak increases, while the intensity of the solidus peak decays
and finally disappears. Similarly, we can observe the jump of
the Ks from 2500 ppm to 2615 ppm (reference: 1 mol−1 CuBr
aqueous solution) and the co-existence of two phases in the
63Cu NMR spectra as shown in Fig. 5(b). However, unlike the
negative shift of Ks in 27Al NMR spectra, the Ks of 63Cu sud-
denly increases when solid copper melts.[46,47] By comparing
the melting points measured by our calibrated NMR probe to
the literature values, the temperature measurement error is de-
termined to be less than ±2 K. Moreover, during such a short
time of sample melting, the co-existence of solidus and liq-
uidus phases can be captured, which fully proves the excellent
sensitivity of the probe.
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1680 1660 1640 1620 1600 1580 1560

t=4 s

t=5 s

t=2 s

Liquidus peakSolidus peak

Isothermal 27Al NMR spectra (a)
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2700 2550 2400 2250 2100 1950
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Liquidus peak

 Solidus peak
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Fig. 5. NMR spectra of pure Al and Cu during melting. (a) 27Al NMR
spectra of pure Al during melting. (b) 63Cu NMR spectra of pure Cu during
melting. The broad peak at 2376 ppm is the peak of the copper coil.

4. Experimental results and device performance
To quantitatively characterize the performance of the

high-temperature NMR probe, the 27Al NMR spectra of
Cu40Zr40Al20 melt were measured in situ. Cu–Zr-based alloy
is a typical metallic glass-forming system that has been inten-
sively studied from the perspective of dynamics and structure
of the melt.[48–53]

4.1. Materials and high-temperature NMR experiments

The Cu40Zr40Al20 metallic rods with a diameter of 2 mm
were prepared under argon atmosphere by water-cooled cop-
per mold casting using high-purity ingredients of Cu, Zr,
and Al (purity > 99.99 wt%). The liquidus temperature of
Cu40Zr40Al20 is determined to be 1185 K by differential scan-
ning calorimeter (DSC). A single sample was cut from the as-
cast sample for the following high-temperature NMR experi-
ments. The cut sample was overheated to 1530 K (about 345 K
above the liquidus temperature), and then 27Al spectra were
acquired at an interval of 40 K during the cooling and subse-
quent reheating process. A standard 90-degree single pulse se-
quence was used with pulse widths of 10 µs for 27Al. Recycle
delay time was 6 ms for all measurements. The same num-
ber of scans (512 scans about 90 s) were accumulated at each
isothermal temperature to facilitate the following comparison
of the signal-to-noise ratio. After the high-temperature NMR
experiments, the sample preserved a shiny metallic surface,
indicating that the sample was not severely oxidized.

4.2. Results and discussion

As shown in Figs. 6(a) and 6(b), all 27Al NMR spectra
above the liquidus temperature show single narrow peaks of
Lorentzian shape, which means that the melt is homogeneous
and is heated uniformly. The NMR peak intensity (the inte-
grated area of the peak) does not reduce much as the temper-
ature rises. The temperature dependence of S/NR is obtained
and presented in Fig. 6(c). The S/NR remains above 45, even
at a high temperature of 1530 K, which is good enough to
obtain valid information from NMR spectra. Such a high pre-
cision at high temperatures is attributed to the efficient cooling
system of the RF coil. To highlight the improvement of our de-
sign, here we compare the sensitivity of our probe and that of
the traditional resistance heating probe without water-cooling
under the same number of scans. As shown in the inset of
Fig. 6(c), the 27Al spectrum obtained by our probe shows a
S/NR of about 120% higher than that of the resistance-heating
probe, and also has a better Lorentzian line shape. In addition,
to characterize the stability of the probe, the Cu40Zr20Al20

melt was held at 1530 K for about 6 hours, and 27Al NMR
spectra were acquired at intervals of 3 min. The isothermal Ks
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fluctuation against the time is plotted in Fig. 6(d). The fluc-
tuation amplitude is within ±0.1 ppm, which demonstrates
the excellent stability of the probe. The signal drift is fitted
as about −0.0007 ppm per hour, which is consistent with the
magnetic field drift of the superconducting magnet[54] and can
guarantee long-time tests.

The valuable information extracted from NMR spec-
tra mainly includes the temperature dependences of Ks and
linewidth ∆v1/2 (full width at half maximum of the Lorentzian-
shaped spectra), which represent two dynamics at different
timescales, respectively. To the best of our knowledge, Ks is
sensitive to the vibrational and atomic cage-rattling motion,
which has been proved to be associated with the fast β pro-
cess in glass-forming metallic liquids under mode-coupling
theory (MCT) frame.[15] In addition, the information about
the electronic structure of observed nuclei could be obtained
by combining Ks with the magnetic relaxation rate by Ko-
rringa relation.[15,33,34] For quadrupolar nuclei such as 27Al
with spin quantum number I = 5/2, the coupling between
the electric-field gradient (EFG) and electric quadrupole mo-
ment of nuclei gives rise to efficient spin-lattice relaxation.

Since the diffusion of all atoms neighboring observed nuclei
could cause fluctuations of EFG tensor at the observed nuclei
sites, the quadrupolar spin-lattice relaxation (RQ) is proved
to be very effective in probing atomic diffusion in liquid
metals.[55,56] Unlike Ks, the correlation function of EFG cap-
tures the essence of cage collapsing in glass-forming metallic
liquids which is at longer timescales than the β process.[16] In
the fast motion limit, RQ can be derived from the measured
spectral linewidth, described clearly in the literature.[33,55]

Herein, we obtain the Ks and 1/RQ of 27Al at different tem-
peratures, as shown in Fig. 7.

The temperature dependences of Ks and 1/RQ are re-
versible during cooling and reheating, implying that the melt
is stable during NMR experiments. Meanwhile, the results
strongly support that the temperature control and monitor-
ing system is as accurate as described above. Ks and 1/RQ,
taken from 27Al NMR spectra, vary linearly with tempera-
ture, demonstrating that no structural or dynamic crossover
occurs in the melt in the measured temperature range as re-
ported previously.[49,57]
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Fig. 6. 27Al NMR spectra of Cu40Zr40Al20 at various temperatures above the liquidus temperature. Spectra are of perfect Lorentzian line shape.
(a) 27Al NMR spectra during cooling from 1530 K. (b) 27Al NMR spectra during reheating from 1250 K. (c) S/NR of 27Al spectra at various
temperatures during cooling and reheating process. Errors are less than the size of the symbols where error bars are not shown explicitly. The inset
shows the comparison between the present NMR spectrum and the spectrum obtained by the traditional resistanceheating probe. (d) Ks fluctuation
during isothermal measurements at 1530 K. The dashed lines represent the upper and lower limits of Ks fluctuation. The slope of the red dotted line
represents the signal drift.
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Fig. 7. Temperature dependences of 27Al Ks and 1/RQ during cooling and
reheating in the temperature range of 1250–1550 K. (a) Temperature depen-
dence of 27Al Ks during cooling and reheating. The blue dashed line repre-
sents the fitting curve of Ks versus T with a slope of 0.22 ppm/K. (b) Tem-
perature dependence of 1/RQ during cooling and reheating.

5. Conclusions

In summary, a highly sensitive, precise, and stable high-
temperature NMR probe that employs two CO2 laser beams
as the heating elements has been designed. With this high-
temperature NMR apparatus, we carry out in situ isothermal
NMR measurements on Cu40Zr40Al20 melt and obtain the
S/NR, the temperature dependence of the Ks, and line width of
27Al NMR spectra. The probe is demonstrated to be capable of
maintaining S/NR above 45 even above 1500 K. It shows that
the use of a water-cooled RF coil with a solenoidal geometry
significantly improves S/NR at high temperatures compared
with the previously reported high-temperature NMR probes.
The reversible 27Al NMR spectra during cooling and reheat-
ing also verify the probe’s accurate temperature controlling
and monitoring. Moreover, the atmosphere and pressure in
the closed chamber of the probe can be adjustable depend-
ing on the problems to be solved. Future applications of our
high-temperature NMR probe can be extended to studies of
molten salts, hydrogen storage material, or high-temperature
fuel cells, not limited to metallic systems.
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