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a b s t r a c t
The g factor of paramagnetic defects in commercial high performance carbon fibers was determined by a
double resonance experiment based on the Overhauser shift due to hyperfine coupled protons. Our carbon fibers exhibit a single, narrow and perfectly Lorentzian shaped ESR line and a g factor slightly higher
than g free with g ¼ 2:002644 ¼ g free  ð1 þ 162 ppmÞ with a relative uncertainty of 15 ppm. This precisely
known g factor and their inertness qualify them as a high precision g factor standard for general purposes.
The double resonance experiment for calibration is applicable to other potential standards with a hyperfine interaction averaged by a process with very short correlation time.
Ó 2018 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).

1. Introduction
Precise determination of the g factor is important in many
applications of EPR spectroscopy. Unfortunately, the magnetic field
B0 at the sample position is not usually known with sufficient precision for determining the absolute g factor. Therefore, one usually
measures a sample with known g factor, (‘‘the standard”), either
shortly before (calibration) or together (internal standard) with
the sample of interest. For some spectrometers, external standards
are provided that can be positioned close to the sample in the
microwave cavity. In many laboratories, 2,2-diphenyl-1picrylhydrazyl (DPPH) is used as a g factor standard [1]. Commercially available DPPH is poorly reproducible [2] and preparation for
high precision measurements is rather elaborate [3]. At high magnetic fields, DPPH is not very well suited as a standard and better
accuracy can be obtained with Mn(II) dopants in a cubic environment. In particular, Mn(II) in calcium oxide (Mn : CaO) and in magnesium oxide (Mn : MgO) [4] have been studied as potential g
standards. Unless the material is prepared from ultrapure alkaline
earth oxide by intentional doping, quality of such standards may
vary significantly because of varying concentrations of Mn(II) and
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other impurity dopants (see below). We suspect that clustering
of manganese ions inside the oxide lattice may also pose problems.
Better precision can be achieved with Mn:CaO compared to Mn:
MgO, as the former standard has a smaller line width, but Mn:
CaO is also less convenient, as it is hygroscopic and lines broaden
on uptake of water. When high precision is needed, metallic
lithium is the de facto ‘‘gold standard”. Stesmans et al. [5] determined the g factor of small lithium particles in a sophisticated
experiment. Nevertheless, lithium is only a second order standard,
as the B0 field needs to be calibrated via the NMR measurement of
water surrounding the sample containing metallic lithium particles. More important, metallic lithium samples are not anymore
widely available and line shapes can vary from sample to sample.
Therefore, third-order standards have been proposed and calibrated against second order standards, such as lithium, e.g. [6,7].
Although hydrogen atoms incorporated in a octaisobutylsilsesquioxane nanocage are a very promising third-order standard, the material is not easily available, needs to be sealed into
Teflon capsules and stored at low temperature. Furthermore, precision of the calibration of this sample was still limited by a magnetic field measurement by a Teslameter close to the sample, but
not at the sample position. This complication can be avoided by
a double resonance experiment that relates the EPR frequency to
a known NMR frequency and thus eliminates the necessity of
any magnetic field measurement.

https://doi.org/10.1016/j.jmr.2018.02.006
1090-7807/Ó 2018 The Authors. Published by Elsevier Inc.
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Here, we suggest carbon fibers as a multi-purpose g factor standard that can be calibrated by a double resonance experiment. As
previously reported [8], commercial high performance carbon
fibers contain graphene-like nano ribbons which are highly
shielded against chemicals in the surrounding that would otherwise influence the magnetic resonance properties of graphene
[9]. The fibers have exceptional EPR properties [8]: they exhibit a
single rather narrow fully Lorentzian line with a width of only
0.4 G at 4.2 K. To our understanding, the strong signal arises from
unsaturated edge states of carbon nanoribbons inside the fiber.
These paramagnetic centers are coupled via a RKKY-like interaction by available conduction electrons [10], leading to perfect
exchange narrowing of the spectrum. With increasing process temperature, a planar graphene-like structure establishes inside the
fibers [11,12]; therefore we used high performance carbon fibers
that are obtained at very high process temperatures. The chemical
structure of such fibers has been discussed in detail [13]. Although
the hyperfine coupling is not resolved in the spectrum, an
Overhauser-shift based double resonance experiment allows for
measuring the NMR frequency of the hyperfine coupled protons
with high accuracy and precision. By this technique, the absolute
g factor of paramagnetic centers in carbon fibers can be determined very accurately, which makes these fibers a very promising
g factor standard.
An ideal g factor standard should fulfill several conditions:
 Narrow linewidth: In order to determine the resonance position
exactly within the spectrum of another sample, the line width
should be reasonably small.
 Calibrateability: For determining absolute g factor values, it is
necessary that the standard can be independently calibrated,
preferentially even in situ in the sample of interest.
 Strong signal: The signal should be rather strong, so that a small
amount suffices and the standard signal can be easily identified
inside composite spectra.
 Handling and ‘‘inertness”: The g factor standard should be inert
so it can be measured together with a wide range of samples.
One would desire an easy handling, for instance insensitivity
to oxygen and moisture.
 Availability: Finally, broad availability of a g factor standard may
be required for its acceptance.
Carbon fibers turn out to fulfill all of these criteria either perfectly or very well. The samples can be prepared without special
care: Initially, fiber pieces were cut out of the as-delivered fiber
bundles with customary scissors.
This paper is structured as follows: In the Technique section, we
explain the experimental technique used to calibrate the carbon
fiber. In the following Materials and Methods section we summarize
specifics of our measurements and computations. In the Results
section, we report the g factor of the carbon fibers measured in
W band (94 GHz) and in the Discussion and Error Estimation section
we identify possible error sources and estimate precision and accuracy. In the Example Applications section we demonstrate g determination of various samples based on the newly calibrated
standard. Finally, in the Outlook, we discuss how accuracy could
be further improved.

2. Technique
To determine the g factor of high performance carbon fibers, we
rely on a double resonance experiment that was originally established to measure the Overhauser shift of conduction electrons in
metals. In particular, we use a technique developed by Denninger
et al. [14] for an organic conductor. Inside the fiber, protonic

defects are available which are hyperfine coupled to the electron
spin system. By irradiation of the electron spins, Dynamic Nuclear
Polarization (DNP) of the protons arises. Due to a very short correlation time, the hyperfine interaction A with the nuclear spin system is averaged and results in a local Overhauser field that
depends on nuclear polarization hbI z i. This Overhauser field
h induces a shift of the EPR signal. The effective
BOv ¼ AhbI z i=ce 
Hamiltonian is thus given by

H ¼ ce hB0 b
S ¼ ce hB0 b
Sz
S z þ A bI  b
S z þ A hbI z ib
b
¼ c hðB0 þ BOv Þ S z ;

ð1Þ

e

where ce denotes the gyromagnetic ratio.
The Overhauser shift can be detected by applying a radiofrequency (RF) field B2 ðtÞ matching the resonance frequency of the
protons. The resonant irradiation cancels the nuclear spin polarization and thus the Overhauser shift. By measuring the shift of the
EPR transition at fixed microwave frequency, the hyperfine coupling A can thus be obtained if bI z under DNP conditions is known.
For g factor calibration, such knowledge or precise measurement of
the Overhauser shift are not necessary. It is sufficient to detect the
NMR resonance condition by sweeping the RF in a range that contains the nuclear Zeeman frequency. In this way, we are able to
determine the g factor of the electron spins by measuring only
two frequencies since we fulfill two resonance conditions at the
same time, the NMR condition and the EPR condition

g lB B0 ¼ hflw

ðEPRÞ

ð2aÞ

g p lN ð1  rÞB0 ¼ hfRF

ðNMRÞ;

ð2bÞ

where r denotes the chemical shielding, B0 the spin aligning magnetic field, f lw the microwave frequency driving the EPR transition
and f RF the nuclear resonance frequency. With respect to other calibration methods this one has the advantage that the proton reference is co-localized with the electron spins from which the EPR
signal emerges. This does not only cancel the error due to magnetic
field inhomogeneity but also the one due to susceptibility differences between the primary and secondary standard.
Therefore, we can eliminate the unknown B0 field. Compared to
any magnetic field measurement, measurement of frequencies is
much more accurate. Except for the two resonance frequencies,
which are measured only the chemical shielding, the very precisely
known nuclear g value, and fundamental constants remain. The
chemical shielding is small and for protons can be estimated with
reasonable accuracy from quantum chemical computations. The
precision of the calibration is thus mainly limited by the precision
of the resonance frequency measurements. This precision in turn
depends on signal-to-noise ratio and thus on the time over which
the signal can be averaged without being compromised by field
and temperature instabilities. For the required constants, we used
the values reported by CODATA 2014 [15]. With these values, one
obtains for the electronic g factor of the spins in the sample

g ¼ 3:042064411ð50Þ  103 

f lw
ð1  rÞ:
f RF

ð3Þ

The chemical shielding r of edge defect protons in a graphene-like
nanoribbon was approximated by the proton shielding in coronene
computed with density functional theory on B3LYP/TZVPP level. We
found a value of

r ¼ 21:9ð4:0Þ ppm:

ð4Þ

The measurements were performed by first setting the B0 field
to the maximum of the EPR absorption, i.e., to the zero crossing of
the first-derivative EPR spectrum. Continuous-wave irradiation at
this field establishes DNP. We then started sweeping the RF. At
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dimethyl sulfoxide (DMSO) from Fluka. The magnesium oxide
was obtained from Fluka and had a purity of P 98%.
3.2. EPR and Overhauser shift measurements

Fig. 1. Overhauser shift of 13 C at natural (!) abundance inside the carbon fibers at
7.5 K against radio frequency. The microwave frequency was 93.83463 GHz. Fitting
a Lorentzian model, we determine the resonance frequency at f RF ¼ 35:8442 MHz
and a linewidth of 8.58 kHz. The Overhauser shift of 5 mG corresponds to a resolved
line shift of 150 ppb.

the proton resonance, an EPR line shift ensued, changing the lockin signal after the receiver diode and phase-sensitive detector. This
change corresponds to canceling of the Overhauser shift. To fully
linearize the measurement signal, a PID controller was used for
correcting this shift by an offset current applied to the modulation
coils. In other words, the canceled Overhauser shift is compensated
by applying an additional magnetic field DB0 ¼ BOv . To obtain absolute values for BOv , we had calibrated the modulation coils before.
The Overhauser shift BOv is then recorded as function of the applied
RF. Although BOv is quite small, typically in the order of 30 m G in
W band, the NMR frequency is clearly detectable.
Whereas the resonance position in frequency domain is the
focus of our paper, it is worth noticing that this technique is the
only one known for determining unresolved hyperfine couplings
in a fully exchange narrowed spectrum. Fig. 1 shows that this technique even enables measuring the hyperfine coupling of the 13 C
nuclei in natural abundance. We can use this resonance to obtain
the chemical shielding for the 13 C nuclei. Using the corrected electronic g factor obtained by protonic impurities (see below) we can
determine for the 13 C shielding a value of rð13 CÞ ¼ 123ð70Þ ppm.
The rather large uncertainty is a result of a fit error of at least 50
ppm concerning the nuclear resonance position in Fig. 1. In addition, the bare nuclear magnetic dipole moment is known only to
a precision of 2 ppm [16,17]. With these errors, the determined
value is in reasonable accordance with a computed value of
rð13 CÞ ¼ 52ð10Þ ppm.

3. Materials and methods
3.1. Samples
The high performance carbon fibers were provided by the German Institutes of Textile and Fiber Research Denkendorf (DITF) in
2013. The fibers have a diameter of 6.5 micrometer and were additionally treated at very high temperature during the manufactoring
process in order to increase the amount of extended stacked structures [13].
For the acquired TEMPO spectra, we bought from Sigma-Aldrich
(CAS 2226-96-2), the solvent Methanol from EMSURE and

For the calibration measurements with double resonance spectroscopy we used a Bruker W-band spectrometer EleXsys E 680
with a home-built W-band bridge. The magnet system is a 6 T Bruker EPR superconducting split pair magnet which was operated
with a persistent main field and in non-persistent mode for the
0:1 T high resolution sweep coils. Working in a fully persistent
mode required more elaborate setup of the experiment and did
not lead to significantly improved stability.
When the electron spin system is in maximum absorption, we
use the lock-in detected singal given by the analog output of the
signal channel to drive a home-built PID controller. This PID controller is connected to the modulation coils and the output of the
Bruker modulation amplifier and adds a DC offset to the modulation signal before forwarding it to the modulation coils. By this,
we are able to fine tune the longitudinal spin aligning B0 field. To
the ENDOR coils of the Bruker W-band ENDOR resonator, a RF generator from Rhode & Schwarz is connected. A secondary computer
system is used to sweep the frequency of the RF generator and to
measure the correction signal applied by the PID.
In order to achieve sufficient nuclear polarization via DNP, the
measurements were done at 10 K. We used a flow cryostat which
we could operate with a stability of 0:05 K according to the readout of the Oxford temperature controller.
3.3. Chemical shielding computations
We performed all quantum-chemical computations on restricted
Kohn–Sham level with the B3LYP functional within ORCA [18]. For
geometry optimization and chemical shielding computations, we
employed the 6-31G⁄ and TZVPP basis sets, respectively. Structures
of tetramethylsilane (TMS), benzene, and coronene were originally
drawn in ChemBioDraw 2015 (PerkinElmer), imported into Chem
3D (PerkinElmer), pre-optimized with the MMFF94 force field, and
exported in Cartesian coordinate format for generating ORCA input.
The computational approach was benchmarked against gas-phase
absolute chemical shielding measurements for protons in TMS and
benzene [19]. For TMS we compute rð1 HÞ ¼ 31:538 ppm (average
of the twelve protons), which compares to an experimental
value rð1 HÞ ¼ 30:783ð7Þ ppm. For benzene we compute
rð1 HÞ ¼ 23:917 ppm (average of the six protons), which compares
to an experimental value rð1 HÞ ¼ 23:535ð10Þ ppm. The computed
value of rð1 HÞ ¼ 21:903 ppm for coronene (average of the twelve
protons) is shifted by Drð1 HÞ ¼ 2:014 ppm with respect to the
computed shielding for benzene protons. The computed chemical
shift of 9:6 ppm is in line with previous computations that gave a
shift range of 9.2–9.5 ppm with DFT and MP2 approaches [20].
Taken together, these findings indicate that an estimate of
rð1 HÞ ¼ 21:9 ppm for the chemical shielding of edge protons in
single-layered graphene-like nanoribbons has an uncertainty of
about 2:0 ppm. We cannot safely exclude multi-layered structures, which would lead to additional ring current contributions that
were found to range up to 3:1 ppm in a stacked hexabenzocoronene [20]. Since, even in the worst case, not all edge protons
could have such large ring current shifts and since we detect a mean
Larmor frequency, we arrive at an estimate for the absolute shielding of the observed protons of rð1 HÞ ¼ 21:9ð40Þ ppm.
For 13 C, to the best of our knowledge no absolute shieldings have
been reported. For benzene, we find by DFT rð13 CÞ ¼ 48:42 ppm
and, after referring to TMS with rð13 CÞ ¼ 182:96 ppm a chemical
shift dð13 CÞ ¼ 134:54 ppm, which compares to values near 128.5
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ppm in condensed phase. For the mean of all 13 C shieldings in coronene, we find by DFT rð13 CÞ ¼ 52 ppm with variations between
48.9 and 57.7 ppm for the individual carbon atoms. Our estimate
for the mean shielding is thus rð13 CÞ ¼ 52ð10Þ ppm.
4. Results
Fig. 2 shows a typical measurement of the proton resonance. For
this diagram, 40 sweeps were accumulated in order to improve the
signal-to-noise ratio. After fitting this resonance with the model of
a Lorentzian absorption line with a linear background using the
Levenberg-Marquardt algorithm, we can estimate the g factor of
the fiber according to Eq. (3). In the following, we denote a series
consisting of 40 single sweeps analyzed in this way as a single
measurement. After averaging over 10 measurements, we obtain
a value of 2:002693ð40Þ ¼ g free  ð1 þ 184 ppmÞ when negelecting
the chemical shielding of the protons. This value can be corrected
with the calculated chemical shielding in Eq. (4). According to
Eq. (3) this leads to a smaller g factor of 2:002644ð30Þ ¼
g free  ð1 þ 162 ppmÞ at a temperature of 14 K.
For the application of carbon fibers as high precision g factor
standard, the magnetic properties should be known for a wide
temperature range. Concerning the g factor of the fiber, we did
not find a significant temperature dependence within our experimental precision above about 4 K (Fig. 3). It appears safe to state
that the temperature dependence of g is negligible on our level
of precision at least at temperatures above 8 K.
When rotating the fiber in the magnetic field, we observed a
dependence of the g factor on the angle between fiber and B0 field
that is significant at our precision. All our high-precision measurements were done with the fiber axis perpendicular to the applied
B0 field. When the B0 field is parallel to the fiber direction, the g factor is roughly 100 ppm higher. Notice that this orientation dependence hardly matters in practical use of the fibers as a standard, as
the fibers ‘‘self-align” along the sample tube axis and thus perpendicular to the field. We estimate that the misorientation is hardly
larger than 10°, resulting in an error of up to 1 ppm).

Fig. 3. Dependence of the g shift in ppm of the carbon fibers on temperature. The
vertical scale was shifted to match the value obtained by double resonance in W
band at 14 K. The error bars indicate the error of the absolute g factor value. The
measurements were done in X band with a flow cryostat.

Fig. 4. EPR spectrum of a Li : LiF sample together with a carbon fiber in W band. The
line positions for g factor determination were estimated by fitting a sum of
Lorentzian absorption and dispersion for the carbon fiber and a double line of
absorption and dispersion for the lithium sample. The estimated positions are
B0;C ¼ 33629:44 G and B0;Li ¼ 33634:68 G.

Finally, we compared the obtained g factor to the value obtained
by measuring a lithium sample together with a fiber sample. The
composite spectrum is shown in Fig. 4 We obtain a slightly lower
g factor by this procedure of 2:002608 ¼ g free  ð1 þ 144 ppmÞ. The
difference of roughly 20 ppm will be discussed in the next section.
5. Discussion and error estimation

Fig. 2. Average of 200 single sweeps of the Overhauser shift signals of carbon fibers
against RF frequency at 14 K. The line was fitted with a Lorentzian lineshape. The
precise position of the proton resonance is f RF ¼ 142:9962 MHz, the linewidth is
13.56 kHz. EPR resonance was reached at f lw ¼ 94:14016 GHz.

Several samples of the same fiber production run were measured in 40 double resonance measurements, each with 20–40 single sweeps allowing us to characterize reproducibility of our
measurements. The g factor determined by double resonance at
14 K exhibited a standard deviation of 11 ppm. A Shapiro-Wilk test
does not reveal significant deviations from a normal distribution.
Therefore, we assume the standard deviation as a good measure
for the statistical error. This error contribution is mainly caused
by the mediocre signal-to-noise ratio and fluctuations of the main
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field. The number of accumulated scans could not be drastically
increased due to the rather long T 1 relaxation time of the nuclei
(in the order of 1–2 s) and the necessity to avoid temperature
and magnetic field drift. A temperature dependence of the relative
g factor of, e.g. 10 ppm/100 K around the measurement temperature leads to line shifts of more than 200 ppb when the system
temperature stability is worse than 0:02 K. Adding in the uncertainty of the chemical shielding discussed above, which introduces
a systematic error in our g estimate, the total measurement error is
of the order of 15 ppm.
Concerning the measurement errors of the g factor to the
lithium sample, Slichter et al. [21] reported that the relatively large
susceptibility of metallic lithium leads to a systematic offset of the
g factor determined by Stesmans of the order of 25 ppm. Neither do
we know the susceptibility-induced shift in our lithium sample
compared to Stesmans’ one, nor do we have a direct comparison
of the g factors of the Li:LiF sample used for our measurements
with samples that have been used by others. Due to the size distribution of the metal particles and the skin effect, not only local susceptibility but also the line shape of the lithium resonance can
differ substantially between different Li:LiF samples. The uncertainty reported in [5] plus a fit error of 5 ppm, show that a difference of 20 ppm between the result of the double resonance
measurement and calibration with respect to the Li:LiF sample is
not surprising.

6. Example applications
To illustrate the applicability of carbon fibers as a g factor standard, we show two examples in different microwave frequency
regimes.

Fig. 5. Main: W-band EPR spectrum at room temperature of TEMPO dissolved in
DMSO together with a carbon fiber. The TEMPO spin system was fitted with a
anisotropic g tensor and an axial hyperfine tensor to the 14 N of the molecule. We
obtained g iso ¼ 2:006023, for g and Dg we kept the values fixed. For the isotropic
hyperfine coupling, we obtained Aiso ¼ 45:4 MHz and for the correlation time 53 ps.
The carbon fiber signal is the rightmost signal. Inset: X-band EPR spectrum of
TEMPO dissolved in DMSO together with a carbon fiber. Note, that the carbon fiber
signal is now inside the 14 N hyperfine triplet. Fitting a model with an isotropic g
factor, we obtain g iso ¼ 2:00615 and Aiso ¼ 44:4 MHz.

6.1. Nitroxide spectra
The first example is the use of carbon fibers to determine the g
factor of (2,2,6,6-Tetramethylpiperidin-1-yl) oxyl (TEMPO) in two
different solvents, methanol and dimethyl sulfoxide (DMSO).
High-field EPR spectra of nitroxides in solutions with low viscosity are significantly influenced by hyperfine and g anisotropy,
but do not contain sufficient information to fit a full tensor. We
aim to obtain a good fit of the spectrum and reliable values for
the isotropic g value g iso and hyperfine coupling Aiso . Since TEMPO
is an almost spherical molecule, the spectra can be simulated
assuming isotropic Brownian rotational diffusion. In addition to
the center resonance field and hyperfine splitting, which inform
on g iso and Aiso , the spectrum contains information on transverse
relaxation rates of the three allowed EPR transitions corresponding
to magnetic quantum numbers mI ¼ 1; 0; þ1. The unknown
parameters are the rotational correlation time sc , a natural linewidth of all three lines in the fast rotational diffusion limit, and
the anisotropy and asymmetry for both the g and hyperfine tensor.
Clearly, the problem is underdetermined. On the other hand, g iso
and Aiso are robust parameters.
We solve this problem by making assumptions on anisotropy and
asymmetry based on an analysis of solid-state high-field EPR spectra
of TEMPO in an ionic liquid, in methanol, and in toluene. We assume
a hyperfine tensor with axial symmetry and principal values
A? ¼ Aiso  DA=3 and Ajj ¼ Aiso þ DA=3. For the g tensor, we assume
an asymmetry g ¼ ðg x  g y Þ=ðg x  g z Þ ¼ 0:46 and an anisotropy
Dg ¼ g x  g z ¼ 0:0075. The principal values of the g tensor thus take
the form g x ¼ g iso þ Dgð1 þ gÞ=3; g y ¼ g iso þ Dgð1  2gÞ=3, and
g z ¼ g iso  Dgð2  gÞ=3. Although errors of the assumed values up
to 10% cannot be excluded, they will mostly affect the rotational correlation time and quality of the fit and not the precision of g iso and

Aiso . We found, however, that fitting provides unrealistically small
values for DA.
For fitting the TEMPO ESR spectra, we used the esfit and garlic
functions of EasySpin [22]. Surprisingly, use of the function chili
did not lead to good fits, although the underlying model relies on
less assumptions than the one underlying garlic.
For TEMPO in methanol, a value of g iso ¼ 2:00611 was previously reported by Ondar et.al. from an X-band EPR measurement
[23], and a value g iso ¼ 2:00626 can be computed from results of
W-band measurements [24]. We measured two different solutions
of TEMPO in DMSO with a carbon fiber added in X and W band. The
results and the fit parameters obtained by EasySpin are shown in
Fig. 5 Although the combined hyperfine and g anisotropy causes
slightly different linewidths in the X band, we analyzed this spectrum with an isotropic model. For the two spectrometers we find
an accordance better than 4 ppm. For methanol as solvent, we
obtain for the isotropic part of the g factor g iso ¼ 2:006023 and
an isotropic hyperfine coupling of Aiso ¼ 45:4 MHz. The values for
g and Dg were fixed for the fit, the correlation time for the rotational tumbling is 53 ps.
6.2. Manganese impurities in magnesium oxide
In order to demonstrate the applicability of the carbon fibers
with powder samples, we performed a g factor measurement of a
fiber sample together with MgO:Mn. Unfortunately, the obtained
MgO did not only contain the wanted Mn(II) impurity dopant,
but exhibited an additional signal from another impurity. Therefore, we had to remove this additional impurity signal from the
spectrum (details see caption of Fig. 6). The resonance positions
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of air and moisture for nearly three years, the fibers did not show
any change in their magnetic resonance properties. Notice also that
the EPR-detected NMR measurement used here for calibration of
carbon fibers can be applied in situ to a carbon fiber admixed to
the sample of interest or to any other paramagnetic standard or
compound with hyperfine couplings that are unresolved due to
extreme narrowing.
In the future, precision of the g factor measurement on the carbon fibers could be further improved. First, usage of a fieldfrequency-lock system would allow for longer averaging and might
even reduce the NMR linewidth. With our 6 T magnet system, this
would require a home-built implementation. Second, temperature
fluctuations and drifts could be reduced by not relying on a flow
cryostat. Nevertheless, even without these measures we have
already achieved a very high precision and accuracy of 15 ppm that
can compete with established standards. With more precise measurements, absolute accuracy will be limited by quantum chemical
prediction of the absolute chemical shielding of the nuclei used as
primary standard.
In conclusion, we have shown that carbon fiber is a very
promising candidate for an absolute g factor standard. Although
the high accuracy demonstrated here may not be needed in many
applications, we believe that the easy handling makes carbon fiber
an attractive alternative to established third order g factor
standards.

Fig. 6. EPR spectrum of a carbon fiber together with manganese impurities in MgO.
The horizontal axis is in Gauss relative to the position of the carbon fiber signal. In
the blue, the fit residual is shown. The fit includes six Lorentzian lines for Mn2þ , one
Lorentzian line for the carbon fiber, and a double Lorentzian for removing the
unwanted impurity, shown in the inset. The HWHM width of the Mn2þ lines is 0.65
G, while the carbon fiber has a line width of 1.3 G. Using the carbon fiber as g factor
standard, we determine g ¼ 2:001063 for our Mn:MgO sample. The microwave
frequency was 93.9151 GHz.

of the six Mn2þ (I ¼ 5=2) hyperfine lines mI in the cubic environment are determined by [25]

BðmI Þ ¼ B0  Aiso  mI 

 a2
A2iso 
IðI þ 1Þ  m2I þ e;
2B0
B0

Final remarks
A limited amount of the calibrated fibers presented in this paper
is offered to other interested EPR groups. For more information,
please contact Gert Denninger.
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