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Abstract. Muon Knight-shift measurement are experimentally rather challenging as in most
setups one does not have a direct way of measuring the external magnetic field applied to the
sample. Here we show, a way to overcome this problem and suggest a suitable sample mounting
and correcting scheme. This enables us to quantitatively determine the correct Knight-shift
values even in extreme sample environments where a separate measurement of the externally
applied magnetic field by means of NMR or additional µSR is not feasible or practical.

1. Introduction
µSR is a very sensitive local probe of magnetism in which 100% spin-polarized positive muons are
implanted into a sample. The spin polarization of the muon will evolve differently depending on
local magnetic fields, which originate from either nuclear or electronic moments and also external
applied fields and can be directly measured through the asymmetrically emitted positrons at
the muon decay. Especially zero field combined with longitudinal field measurements can
unambiguously distinguish between static and dynamical local magnetic fields Bµ. Another
popular measurement option is to apply a magnetic field transverse (perpendicularly) to the
initial muon spin polarization which enables one to determine the muon Knight shift

Kµ = Kexp −
(
1

3
−N

)
χ0, (1)

here N is the demagnetization factor given, by the sample shape, the 1/3 originates form the
Lorentz sphere around the muon, and χ0 = M/Bext is the bulk susceptibility of the sample
where M is the magnetization and Bext the applied external field and Kexp is the experimentally
measured Knight shift

Kexp =
Bµ −Bext

Bext
, (2)

where Bµ is the local magnetic field as sensed by the muon within the sample. The muon Knight
shift enables us to experimentally determine the muon stopping site within the crystallographic
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lattice [1] and to measure the local magnetic susceptibility of the studied sample, yielding unique
insights into, e.g., exotic magnetic phases such as quantum spin liquids (QSL) [2, 3, 4]. However,
before being able to extract any physical properties one has to ensure the correct measurement
of the experimental Knight shift. Bext is in general not known to good precision as the field value
set on a magnet always deviates from the true external field at the sample position. This is due
to the limited setting resolution of the power supply, the field setting accuracy due to thermal
and/or magnetic hysteresis of the magnet and of the used spectrometer. Since experimental
muon Knight shifts are very often on the order of tens or hundreds of parts per million (ppm)
it is crucial to have an independent measurement of Bext to be able to determine Kµ with
quantitative accuracy. Sometimes the applied external field Bext can be approximated by the
Knight shift in the paramagnetic regime at high temperatures where the sample’s susceptibility
and therefore magnetization are low and then use the obtained value for the low temperature
measurements. In some cases, it is possible to measure Bext in a separate set of experiments
by taking out the studied sample from the spectrometer and measure the Bµ in a sample with
either no or a well-known Knight shift. However, this approach is not feasible, or at least not
favorable, for investigations at very low temperatures (sub Kelvin) or in high applied magnetic
fields as, e.g., during measurements at the High-field And Low temperature instrument (HAL-
9500) at the Paul Scherrer Institute (PSI) in Switzerland. Such a separate measurement would
require approximately two days for a warm up of the system and a change to a standard sample
for each applied magnetic field.
Here, we report a scheme to determine Bext by simultaneously measuring the µSR response
of muons stopping inside the sample and of muons stopping in an area of its silver sample
holder that was deliberately left free from the specimen under investigation. We show that
when evaluating Bext it is important to not only take into account the intrinsic Knight shift and
demagnetization of the silver holder, but also the effect of stray fields produced by the magnetized
sample at the sample holder position. The proposed scheme is, of course, transferable to other
experimental setups, µSR instruments, and geometries.

2. Experimental setup
To demonstrate the determination scheme of the actually applied Bext and therefore the
determination of a correct experimental Knight shift, our choice of sample was Zn-Barlowite,
a QSL candidate that remains dynamical down to the lowest experimentally accesible
temperatures [5]. All measurements were performed using the General-Purpose Surface-muon
instrument (GPS) [6] located at the πM3 beamline of the HIPA complex at the Swiss Muon
Source (SµS) at PSI. The powder sample was pressed into a pellet with a diameter of 6.9 mm
and a height of 2 mm. One quarter of the sample was removed from the pellet before gluing the
sample pellet with the help of GE-varnish onto a silver sample holder originally designed for the
HAL-9500 instrument, such that 1/4 of the sample holder was intentionally left uncovered by
the sample, as shown in Fig. 1(a). The sample on this silver holder was then further mounted
onto a GPS sample holder with a 20 µm thick copper foil, as shown in Fig. 1(b). In this way,
the muons stopped in the sample as well as in the silver of the HAL-9500 sample holder, while
any muons not stopping in the sample or the silver were removed from the data acquisition
via the GPS veto system [6] ensuring a small background contribution of typically below 5%.
For comparison, the pellet was then removed from the HAL-9500 sample holder and measured
without it (Fig. 1(c)). The measurements were preformed in a transverse-field geometry at two
different applied fields, 300 mT and 780 mT. A temperature scan between 10 K and 1.6 K was
performed with a dynamical He-flow cryostat with a temperature stability on the sample better
than 0.1 K for all data points.
Transverse field spectra measured at 1.5 K and 780 mT are shown in Fig. 2 in a reference rotating
frame (RRF) with a frequency of 101.6 MHz corresponding to 750 mT. The spectrum in red
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(a) (b) (c) (d)

Figure 1. The picture in a) shows the sample pressed into a 3/4-pellet, glued onto a silver
HAL holder. In b) this 3/4-pellet on the HAL-holder is taped with kapton onto the copper foil
of the GPS holder. In c) the 3/4-pellet was removed from the HAL-holder and mounted on a
GPS holder alone. Due to the veto system of GPS all muons not hitting the sample or the silver
HAL holder are removed from the data. The last picture d) shows a silver plate used for silver
reference measurements.

shows the data of the sample on the silver holder. Clearly, two components in the raw data can
be distinguished. The first component is the sample signal with a fast relaxation and the second
component is the silver signal with a much smaller relaxation rate. The blue data points show
the spectrum of the pellet alone, where the non-relaxing signal is the <5% background signal
typical for the GPS instrument. All transverse field µSR data were fitted by the model

A0P (t) =
∑
i

Ai cos(2πνi t+ ϕ) exp(−λit)
βi , (3)

where i reflects the sample and, if present, the silver component sensed by the muon. Here,
A0 and Ai are asymmetries, P (t) the muon polarization, λi relaxations rates and ϕ it the
phase, and the frequencies νi correspond to local magnetic fields, i.e., 2πνi = γµBi, where
γµ = 2π · 135.5MHz/T is the gyromagnetic ratio of the muon. The stretch exponent βi for the
silver and background signal was set to 2 and for the sample signal was left free. All the other
variables were free fit parameters and directly obtained by a χ2 minimization using the free
software package MUSRFIT [7].
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Figure 2. The spectra of the sample on the HAL-9500 silver holder is shown in red and of the
sample pellet alone are shown in blue in a transverse field of 780 mT in a rotating reference
frame (RRF) rotating with a field of 750 mT. In both spectra the two components can be nicely
seen. At higher times the silver contribution is observed in the red signal and the blue spectrum
contains the < 5% background typical for the GPS instrument.

3. Correct determination of the applied magnetic field
To determine the correct experimental muon Knight shift one has to determine the true applied
external field Bext in Eq.(2). The first, and comparatively the crudest, approximation for Bext

is given by the set value Bset of the magnet’s power supply

Bext ≈ Bset. (4)

In the worst case the error in this estimate can be of, or even exceed, the order of the sample
effect that we are attempting to measure, rendering any quantitative statement about intrinsic
sample behaviour either hard or impossible. Furthermore, even qualitative statements could
be problematic, as for example a sign change in the Knight shift could be produced by an ill-
approximated external field value. In our setup the muons are stopping in the sample and in the
exposed silver of the HAL sample plate. Thus approximating the external field with the local
magnetic field measured by the muons stopping in silver

Bext ≈ BAg
µ , (5)

should improve the accuracy of the determined external field. To further improve the accuracy
one should take the experimental Knight shift of silver KAg

exp itself into account, as the local field

in the silver BAg
µ actually exceeds the applied external field

BAg
ext ≈

BAg
µ

1 +KAg
exp

, (6)

where KAg
exp is the experimental Knight shift of silver which depends on both the shape and

susceptibility (demagnetization) as well as the intrinsic Knight shift of the silver sample holder
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used, see Eq.(1). Beforehand a silver Knight-shift of KAg
µ = 94 ± 9 ppm was measured. Please

note that this Knight-shift was measured on a different silver plate so there is a certain systematic
error in this quantity as different batches of silver might contain a different amount of magnetic
impurities which cause a finite Knight shift. Due to the cylindrical form of the HAL sample
holder with a height of 5.4 mm and a diameter of 6.9 mm its demagnetization factor can be
calculated to be NAg = 0.44 [8]. Through the computation of the difference between the Lorentz
sphere and the demagnetization factor, we obtain the effect of the sample geometry on the
experimental Knight shift. For a HAL holder this leads to (1/3−NAg)χAg = 3 ppm, where we
have used χAg = −2.3 · 10−5 for the silver susceptibility [9]. Therefore, the experimental silver

Knight shift is KAg
exp = 97± 9 ppm including the calculated demagnetization effects of silver by

Eq.(1). If a plate-like holder with NAg ≈ 1 would have been used, the demagnetization effect
would have been on the order of 16 ppm and therefore quite large compared to the intrinsic
silver Knight shift.
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Figure 3. The effect of the stray field is obtained by plotting the local field in silver BAg
µ against

the local field sensed by the muons in the sample Bs
µ. In panel a) the linear scaling is shown

at 300 mT and in b) at 780 mT over the full temperature scan between 1.5 K to 10 K (upper
x-axis). As the magnitude of the stray field is proportional to the sample magnetization for a
certain geometry, both measurements result in similar scaling factors a = 0.12 ± 0.03 for 300
mT and a = 0.19± 0.03 for 780 mT.

There is another effect that is relevant if muons that stop in silver next to a magnetized sample
are used to determine the external field, i.e. the effect of the stray field Bstray of the sample at
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that reference position in the silver also becomes important. Specifically, muons stopping in the
silver measure a local field that can be expressed as

BAg
µ = (1 +KAg

exp) ·B
eff
ext

= (1 +KAg
exp) · [Bext +Bstray]

= (1 +KAg
exp) ·

[
Bext + C · (Bs

µ −Bext)]

= (1 +KAg
exp) ·Bext + a · (Bs

µ −Bext), (7)

where the (1 + KAg
exp) prefactor comes from the experimental silver Knight shift from Eq.(6).

In the second part the effect of the stray field Bstray = C · (Bs
µ − Bext) is proportional to the

magnetization of the sample, generally given by the difference of the local field measured by the
muon in the sample Bs

µ and the applied field Bext times a proportionality constant. In equation

(7) the proportionality constant a is introduced with the term (1 +KAg
exp) absorbed. To extract

the proportionality constant a from the data we can rewrite Eq.(7) as

BAg
µ = (1 +KAg

exp − a) ·Bext + a ·Bs
µ (8)

and extract a from the slope of a linear fit to temperature-dependent data as shown in Fig. 3.
Furthermore, this proportionality constant due to the magnetization should be field independent,
as long as the field does not change the measurement geometry, i.e. the position and size of
the beam spot which can change the average distances between magnetized sample and average
muon position on the silver holder. In our case, the proportionality constant was determined to
be a = 0.12 ± 0.03 at 300 mT and a = 0.19 ± 0.03 in 780 mT (Fig. 3). The difference is likely
due to the beam spot changing slightly with field and thus influencing the coupling. Note that a
determination of the constant a in this way is only possible when the Knight shift of the sample
is temperature dependent and the external field does not change with time. Only in this case
the temperature can be used as an implicit variable as it is done in Fig. 3.
By reordering Eq.(7) we can obtain a good estimate of the external field from the measured

fields in the sample Bs
µ and on the exposed silver sample holder BAg

µ by taking into account the
Knight shift of the silver and the stray fields created by the sample at the holder position,

Bcor
ext ≈

BAg
µ − a ·Bs

µ

1 +KAg
exp − a

. (9)

To verify the suggested procedure we have also directly measured the external applied field Bref
ext

using a silver reference plate and the silver HAL holder (alone) before and after the sample
measurements, without changing the applied field in-between. These calibration measurements
show that the field produced by the magnet did not change by more than 0.01 mT neither with
temperature nor over time. The local field of the silver plate was again corrected by the silver
Knight shift KAg using Eq.(6), as the shape of the used rectangular silver plate was 40 mm
long by 29 mm wide by 1 mm thick the demagnetization effect was (1/3−N) · χAg = 16 ppm.
The Knight shift of the silver plate (Fig. 1(d)) is 110 ± 11 ppm using Eq.(6), we thus obtain
the average external field value 780.202 ± 0.08 mT for the silver plate and for the HAL holder
780.083 ± 0.08 mT, shown in blue and in pink in Fig. 4 respectively. These two calibration
measurements, which we believe represent the best determination of the true Bext, deviate by
0.01 mT from each other, but are still inside their respective error bars. This value, thus,
represents an estimate of the ultimate accuracy of external field measurements approximation
by means of a silver reference. We note that the homogeneity of the magnetic field along the
beam is 1 ppm at 2 mm from the calibration center for the GPS instrument and, therefore, has a
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Figure 4. The temperature dependence of the different local fields measured by the muon at
(a) 300 mT and (b) 780 mT. In both panels the orange triangles show the field measured by
muons in sample on the holder Bs

µ and the orange squares the response of muons stopping in

the silver holder next to the sample, corrected for the Knight shift in silver using Eq. (6). BAg
ext

is temperature dependent due to the increasing magnetization of the sample while cooling down
and thus increasing the stray fields on the local mangetic field in silver. The green squares depict
Bext

cor obtained from Eq. (9) which takes into account the stray fields produced by the sample at
the exposed areas of the sample holder and corrects for these. No temperature dependence is
observed in Bext

cor , as expected. The externally applied field during a silver reference measurement

Bref
ext is shown with both a silver plate in blue and the silver HAL holder in pink. The dark

solid lines represent their average values and the bright solid lines the error spread. Finally,
the red triangles for 780 mT show the sample response measured without any silver holder and
demonstrate that the silver holder has no influence on the sample.

negligible effect on the value of the external field. To improve external field measurements, one
could use instead of silver, a material such as calcium carbonate CaCO3 with an even smaller
intrinsic Knight shift.
In Fig. 4, the measured field Bs

µ of the sample on the silver HAL holder (Fig. 1(b)) is depicted

by orange triangles and the Knight shift corrected silver response BAg
exp calculated using Eq.(6)

as orange squares. The influence of stray fields from the sample on the silver response BAg
exp is

clearly seen as a temperature dependence that resembles the one of the sample. It is obvious
that the commonly used approach to use BAg

exp as the externally applied field Bext is problematic
in the case of samples with sizable magnetization in close proximity to the sample holder. The
corrected external field Bcor

ext obtained using our approach that takes stray fields into account
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via Eq.(9) is shown in green. There is excellent agreement between the external field Bcor
ext and

the measured reference field in blue at both 780 mT and 300 mT. This demonstrates that using
Eq.(9) the correct external field can indeed be extracted from measurements with a sample on
the holder, without having to resort to independent reference field measurements (we performed
those here only to prove the consistency of both approaches). Finally, to prove that the silver
magnetization has no discernible influence on the local fields in the sample we have removed
the sample from the sample holder and measured the 3/4 pellet alone as shown in Fig. 1. A
temperature scan of the pellet alone is shown by red triangles in Fig. 4. The overlap of the
sample response with and without the silver sample holder demonstrates that the local fields in
the sample are not significantly influenced by the presence of the silver.

4. Conclusion
In Table 1 we compare the experimental Knight shift Kexp obtained from four different ways

to approximate the external applied field to the Knight shift Kref
exp obtained using the reference

external applied field measurement. The first and roughest approximation of the Bext is given
assuming that Bext is actually the value that was set to the magnet power supply Eq.(4). With
this approximation the experimental Knight shift is given by Kset

exp = (Bs
µ − Bset)/Bset. The

accuracy of this approximation depends on the experimental magnet and its reproducibility.
Here, we report the data that were obtained with the WED magnet of the GPS spectrometer.
The second, more accurate, approximation to Bext is obtained from the field measured in the
exposed area of the silver sample holder and either correcting it with the Knight shift of silver
itself using Eq.(6), yielding BAg

ext, or not by instead using just Eq.(5) yielding BAg
µ . This results

in an experimental Knight shifts KAg
exp = (Bs

µ − BAg
ext)/B

Ag
ext and KAg,µ

exp = (Bs
µ − BAg

µ )/BAg
µ ,

respectively. Finally, the fourth and most accurate estimate of the external field Bcor
ext also takes

into account the stray fields from the sample on the adjacent silver plate using Eq.(9), which
leads to the corrected experimental Knight-shift

Kcor
exp =

Bs
µ −Bcor

ext

Bcor
ext

. (10)

Final values of experimental Knight shifts are summarized in Table 1, where all shifts are
measured at 300 mT and 780 mT at 1.5 K. For the discussed measurements at 300 mT and 780
mT at GPS the relative error between the simplest estimate from the magnet set value Kset

exp

and Kref
exp are 30% and 26%, respectively. Accordingly, for a quantitative determination of the

Knight shift it is necessary to employ the more elaborate schemes described above to get an
accurate estimate of the external magnetic field. Using local fields sensed by muons in the silver
sample holder instead of the magnet set value reduces the error by about 10% in both fields.
Interestingly, in these measurements to note is that KAg,µ

exp appears to perform better without

any corrections than KAg
exp, which is corrected for the silver Knight shift. This is due to the fact

that stray fields and the intrinsic silver Knight shift happen to partially compensate each other
and thus at 1.5 K the external field Bext appears well approximated by the uncorrected BAg

µ .

However, due to the stray-field-induced temperature dependence of BAg
µ the accuracy of this

coincidental match will depend on temperature as well, and will get worse especially at lower
temperatures where stray field effects will be more pronounced. Finally, taking both the silver
Knight shift and the effect of stray fields from the sample inside the silver sample holder into
account and correcting for them using Eqs.(9) and (10) yields the best match with the true
external field with an error below 4%. This represents an over 7× improvement in accuracy over
the simplest estimate Kset

exp.
In summary, the excellent agreement between the external field values obtained by our proposed
measurement and data analysis scheme taking into account sample stray field effects, verified
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by independent reference measurements, proves that it is possible to obtain the correct Bext

in a single experiment without the necessity of additional time consuming or unpractical
reference field measurements. Our approach thus enables a correct quantitative experimental
determination of the intrinsic sample Knight shift even under the most extreme sample
environment conditions, as e.g. at HAL-9500 at PSI.

At 300 mT Relative to Kref
exp At 780 mT Relative to Kref

exp

Kset
exp 0.11 ± 0.01 26% 0.062 ± 0.005 30%

KAg,µ
exp 0.147 ± 0.006 6% 0.078 ± 0.009 10%

KAg
exp 0.14 ± 0.01 10% 0.068 ± 0.001 20%

Kcor
exp 0.156 ± 0.02 1% 0.084 ± 0.01 4%

Kref
exp 0.16 ± 0.01 0.088 ± 0.009

Table 1. Summary of Knight shift values at 1.5 K, where the external field is determined in
different ways as described in the text, compared to the Knight shift obtained from the silver

plate reference measurement Kref
exp .
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