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Barnett effect in paramagnetic states
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We report the observation of the Barnett effect in paramagnetic states by mechanically rotating gadolinium
(Gd) metal with a rotational frequency of up to 1.5 kHz above the Curie temperature. An in situ magnetic
measurement setup comprising a high-speed rotational system and a fluxgate magnetic sensor was developed
for the measurement. Temperature dependence of the observed magnetization follows that of paramagnetic
susceptibility, indicating that any emergent magnetic field is proportional to the rotational frequency and is
independent of temperature. From the proportionality constant of the emergent field, the gyromagnetic ratio of
Gd is calculated to be −29 ± 5 GHz/T. This study revisits the primordial issue of magnetism with modern
technologies to shed new light on the fundamental spin-rotation coupling.
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I. INTRODUCTION

The Barnett effect is a phenomenon that a rotating
object is magnetized. The effect was discovered in 1915
[1,2] and is categorized together with the Einstein−de
Haas effect [3–8] as a gyromagnetic effect for which the
relationship between rotation and magnetism such as gy-
romagnetic ratio has been investigated [9–13]. The Barnett
effect can be described by introducing an emergent magnetic
field [14]

B� = �/γ, (1)

where � is the angular frequency of rotation and γ is the
gyromagnetic ratio of the sample. In recent times we studied
effects of the emergent field, the so-called Barnett field,
on nuclear spins such as line shift [15,16] and line split
[17] in nuclear magnetic resonance. Furthermore, spin-current
generation in liquid metals is observed, where the Barnett field
is induced by local rotational motion of fluid [18].

Despite its own generality, no experiments on the Bar-
nett effect have been conducted in paramagnetic states.
The main reason lies in its measurement method, i.e.,
to observe the Barnett effect in paramagnetic materials
with zero coercivity and small susceptibility, in situ ob-
servation under rapid rotation is required, which has been
the major obstacle to explore the effect in paramagnetic
states.

In this study we observe the Barnett effect in paramagnetic
Gd metal. To this end, we developed an in situ magnetic
measurement setup comprising a high-speed rotational system
and a fluxgate magnetic sensor, both of which were unavailable
in previous studies [1,2]. The sample used in the present
study shows ferromagnetic transition at a Curie temperature
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Tc of 292.5 ± 0.5 K [19]. The Curie constant is large because
of Gd’s 4f local moment with J = 7/2 (S = 7/2, L = 0).
Therefore, magnetic susceptibility χ around room temperature
is high, which allows us to measure small stray fields from the
magnetized Gd sample due to rotation, even in paramagnetic
states.

II. EXPERIMENTAL DETAILS

The apparatus used in the present study mainly comprises
a high-speed rotational system and a magnetic field sensor
equipped outside the rotor to monitor any stray field created
by the magnetization of a rotating sample [Fig. 1(b)]. We
used a commercial high-speed rotational system (produced by
JEOL) that can generate rotation frequencies of up to 8 kHz,
almost 100 times higher than that in the previous study [1,2].
The rotational system is driven by airflow to avoid the severe
electromagnetic background noise caused by an electric-driven
system. A polycrystalline Gd sample formed in a cylindrical
shape with a size of ϕ6 × 20 mm3 was installed in a nonmag-
netic rotor comprising a ZrO2 capsule and an impeller made
of a polyimide resin, as shown in Fig. 1(a). Fluctuation in the
rotation frequency was ±30 Hz. The rotation direction could
be switched by changing the direction of airflow. For magnetic
field measurement, we used a fluxgate magnetic sensor (Stefan
Mayer Instruments) with a high sensitivity of 0.1 nT. The
magnetic field fluctuation in the shield is suppressed to within
±0.1 nT. The directions of rotation, magnetization, and sensor
polarity are defined in Fig. 1(b). The rotation experiments were
performed at temperatures of 297–305 K. During rotation,
the sample temperature increases to a value greater than
the room temperature because of friction between the rotor
and air. Therefore, we measure the sample temperature by
attaching a thermocouple to the capsule just after stopping
the rotation. The deviation in the sample temperature is
± 0.1 K.
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FIG. 1. (Color online) Experimental apparatus for observation of Barnett effect. (a) Capsule (left) and Gd sample (right). (b) Schematic
of setup. The positive directions of magnetization, stray field detected by the sensor, and rotation are defined as indicated by arrows.
(c) Temperature dependence of inverse magnetic susceptibility. The rotational experiments were performed in paramagnetic states between
297 and 305 K.

III. RESULTS AND DISCUSSIONS

To characterize the sample for the present measurements,
we measured the temperature dependence of the magnetic
susceptibility χ for the same polycrystalline Gd metal
sample measuring 1.2 × 1.3 × 3.5 mm3 using a commer-
cial magnetometer (MPMS, Quantum Design). Figure 1(c)
shows the temperature dependence of its inverse magnetic
susceptibility in an external field of 1 mT. At experimental
temperatures, 1/χ shows linear temperature dependence,
following the Curie-Weiss law. Effective magnetic moment
was estimated from the slope of 1/χ to be 8.5 μB which is good
agreement with the theoretical value 2[J (J + 1)]1/2 μB for
J = 7/2(S = 7/2, L = 0).

Figure 2 shows the rotational frequency dependence of the
magnetization of the Gd sample at 300 ± 0.5 K and that of
a blank capsule. Each data point was averaged over three
measurements, the error bar in the standard deviation 1σ

includes the fluctuation in rotational frequency. We estimate
the magnetization of the rotating sample M� from the stray
field �Hstray [20,21] measured by the fluxgate magnetic sensor
using a dipole model as follows:

M� = −4πμ0(R2 + L2/4)3/2�Hstray/V, (2)

where μ0 is the magnetic constant, R = 15 mm is the sensor-
sample distance, L = 20 mm is the sample length, and V is
the sample volume [22]. We found that the magnetization
was proportional to the rotational frequency and its polarity
changed with the rotation direction. For the blank capsule,
no rotation frequency and direction dependence were ob-
served. Thus, the magnetization arose from the rotating Gd
sample.

In Fig. 3(a) we plot the temperature dependence of the
Gd sample’s magnetization or different rotational frequencies
(�/2π = ±0.5, ±1.0, and ±1.5 kHz). Each data point was
averaged over three measurements, with the vertical error
bar being the same as in Fig. 2 and the horizontal error
bar indicating the fluctuation in sample temperature during

measurement. All data curves for fixed rotational frequencies
show systematic temperature dependence. The magnetization
decreases with increasing temperature. In Fig. 3(b) we plot
the values of magnetization divided by susceptibility M�/χ

as a function of temperature. The values of M�/χ are
constant against temperature, indicating that the temperature
dependence of the observed magnetization arises from the
material’s susceptibility. This result implies the existence of
an emergent magnetic field B� due to rotation because in
paramagnetic states, the magnetization is proportional to the
magnetic field as follows:

M� = χB�. (3)

FIG. 2. (Color online) Rotational frequency dependence of mag-
netization observed at 300 ± 0.5 K for Gd sample (orange solid
circles) and blank capsule (black open circles). Each data point is
averaged over three measurements with the error bar in the standard
deviation 1σ , including the fluctuation in rotational frequency. The
insets indicate the rotational directions of the capsule (black arrows)
and magnetization (red arrows).
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FIG. 3. (Color online) Temperature dependence of (a) magnetization M� and (b) M�/χ for rotational frequency of �/2π = ±0.5 (red
open circles), ±1.0 (green open diamonds), and ±1.5 kHz (blue crosses). Each data point is averaged over three measurements with the error
bar in the standard deviation 1σ , including the fluctuation in rotational frequency. The sample temperature fluctuation during the measurements
is within ± 0.1 K, as indicated by the horizontal error bars. The dotted curves serve as visual guides.

Figure 4 summarizes the values of M�/χ as a function
of rotational frequency. All data follow the linear dependence
of rotation frequency within the experimental accuracy. The
dotted line in the graph is the linear fit of all experi-
mental results. According to Eqs. (1) and (3), the inverse
of the line’s slope gives the gyromagnetic ratio γ /2π =
−29 ± 5 GHz/T. This value is comparable to γe/2π =
−28 GHz/T for an electron in a vacuum or Gd compounds
[23–26].

More precise values can be obtained by improving the
present apparatus. It is worthwhile to revisit the investigation of
the difference in g factors measured by spectroscopic and gy-
romagnetic methods [10–12] using current technologies. This
mechanical method can be applied to estimate gyromagnetic

FIG. 4. (Color online) Rotational frequency dependence of
M�/χ . The dotted line is the linear fit of all experimental results
in the temperature range of 297–305 K. The inverse of the slope of
this fitting line is −29 ± 5 GHz/T.

ratio in a variety of paramagnetic materials. These studies are
worth pursuing in the future.

Furthermore, because of recent progress in spintronics,
increasing attention has been paid to the interconversion of
angular momentum between spin and rotational motion by
relying on the Barnett field concept [27–29]. The present study
provides evidence of the Barnett field in paramagnetic states
and paves the way for “spin mechatronics,” in which spin and
mechanical rotation are harmonized.

IV. CONCLUSIONS

We have observed the Barnett effect in paramagnetic
states using Gd metal by developing an apparatus for in situ
magnetization measurements of a rapidly rotating sample.
The temperature and rotation frequency dependence of the
observed magnetization were identified with paramagnetic
susceptibility and the Barnett field emerging in the Gd
sample, respectively. The Barnett field analysis shows the
gyromagnetic ratio of Gd as −29 ± 5 GHz/T.
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[14] J. Fröhlich and U. M. Studer, Gauge invariance and current
algebra in nonrelativistic many-body theory, Rev. Mod. Phys.
65, 733 (1993).

[15] H. Chudo, M. Ono, K. Harii, M. Matsuo, J. Ieda, R. Haruki, S.
Okayasu, S. Maekawa, H. Yasuoka, and E. Saitoh, Observation
of Barnett fields in solids by nuclear magnetic resonance,
Appl. Phys. Express 7, 063004 (2014).

[16] H. Chudo, K. Harii, M. Matsuo, J. Ieda, M. Ono, S.
Maekawa, and E. Saitoh, Rotational Doppler effect and Bar-
nett field in spinning NMR, J. Phys. Soc. Jpn. 84, 043601
(2015).

[17] K. Harii, H. Chudo, M. Ono, M. Matsuo, J. Ieda, S. Okayasu, S.
Maekawa, and E. Saitoh, Line splitting by mechanical rotation
in nuclear magnetic resonance, Jpn. J. Appl. Phys. 54, 050302
(2015).

[18] R. Takahashi, M. Matsuo, M. Ono, K. Harii, H. Chudo, S.
Okayasu, J. Ieda, S. Takahashi, S. Maekawa, and E. Saitoh, Spin
hydrodynamic generation, Nat. Phys., doi:10.1038/nphys3526.

[19] C. D. Graham, Jr., Magnetic behavior of gadolinium near the
Curie point, J. Appl. Phys. 36, 1135 (1965).

[20] The stray field by the effect of charge redistribution by
mechanical rotation is negligibly small in our charge neutral
experimental conditions.

[21] Ø. Grøn and K. Vøyenli, Charge distributions in rotating
conductors, Eur. J. Phys. 3, 210 (1982).

[22] We have validated that the effect of magnetization distribution
and demagnetizing fields, which depend on the sample shape,
on a stray field is negligibly small in the case of a cylindri-
cal shaped sample by means of numerical simulation using
COMSOL Multiphysics software. Specifically, the difference
of the stray fields is fewer than 6%, which is within the
error bar of the measurement data. Therefore, we chose more
common model of a dipole model for calculation in this
paper.

[23] Z. Fisk, R. H Taylor, and B. R. Coles, Anomalous magnetic
behaviour of gadolinium borides, J. Phys. C: Solid State Phys.
4, L292 (1971).

[24] K. Sugawara and C. Y. Huang, Paramagnetic resonance
of Gd3+ as a probe of exchange and crystal-field effects
in singlet-ground-state systems, Phys. Rev. B 11, 4455
(1975).

[25] K. Sugawara and C. Y. Huang, EPR studies of Gd3+, DY3+, and
Ce3+ in some Van Vleck paramagnets, J. Phys. Soc. Jpn. 41,
1534 (1976).

[26] M. Coldca, H. Schaeffer, V. Weissenberger, and B. Elschner,
Influence of Ce spin fluctuations on the Gd ESR in Y1−xCexAl2,
Z. Phys. B: Condens. Matter 68, 25 (1987).

[27] M. Matsuo, J. Ieda, E. Saitoh, and S. Maekawa, Effects of
Mechanical Rotation on Spin Currents, Phys. Rev. Lett. 106,
076601 (2011).

[28] M. Matsuo, J. Ieda, and S. Maekawa, Renormalization of spin-
rotation coupling, Phys. Rev. B 87, 115301 (2013).

[29] M. Matsuo, J. Ieda, K. Harii, E. Saitoh, and S. Maekawa,
Mechanical generation of spin current by spin-rotation coupling,
Phys. Rev. B 87, 180402(R) (2013).

174424-4

http://dx.doi.org/10.1103/PhysRev.6.239
http://dx.doi.org/10.1103/PhysRev.6.239
http://dx.doi.org/10.1103/PhysRev.6.239
http://dx.doi.org/10.1103/PhysRev.6.239
http://dx.doi.org/10.1103/RevModPhys.7.129
http://dx.doi.org/10.1103/RevModPhys.7.129
http://dx.doi.org/10.1103/RevModPhys.7.129
http://dx.doi.org/10.1103/RevModPhys.7.129
http://dx.doi.org/10.1063/1.2355445
http://dx.doi.org/10.1063/1.2355445
http://dx.doi.org/10.1063/1.2355445
http://dx.doi.org/10.1063/1.2355445
http://dx.doi.org/10.1098/rspa.1930.0109
http://dx.doi.org/10.1098/rspa.1930.0109
http://dx.doi.org/10.1098/rspa.1930.0109
http://dx.doi.org/10.1098/rspa.1930.0109
http://dx.doi.org/10.1098/rspa.1931.0139
http://dx.doi.org/10.1098/rspa.1931.0139
http://dx.doi.org/10.1098/rspa.1931.0139
http://dx.doi.org/10.1098/rspa.1931.0139
http://dx.doi.org/10.1098/rspa.1932.0034
http://dx.doi.org/10.1098/rspa.1932.0034
http://dx.doi.org/10.1098/rspa.1932.0034
http://dx.doi.org/10.1098/rspa.1932.0034
http://dx.doi.org/10.1103/PhysRevLett.16.795
http://dx.doi.org/10.1103/PhysRevLett.16.795
http://dx.doi.org/10.1103/PhysRevLett.16.795
http://dx.doi.org/10.1103/PhysRevLett.16.795
http://dx.doi.org/10.1103/PhysRev.76.743
http://dx.doi.org/10.1103/PhysRev.76.743
http://dx.doi.org/10.1103/PhysRev.76.743
http://dx.doi.org/10.1103/PhysRev.76.743
http://dx.doi.org/10.1103/PhysRev.78.266
http://dx.doi.org/10.1103/PhysRev.78.266
http://dx.doi.org/10.1103/PhysRev.78.266
http://dx.doi.org/10.1103/PhysRev.78.266
http://dx.doi.org/10.1143/JPSJ.11.547
http://dx.doi.org/10.1143/JPSJ.11.547
http://dx.doi.org/10.1143/JPSJ.11.547
http://dx.doi.org/10.1143/JPSJ.11.547
http://dx.doi.org/10.1007/BF00628392
http://dx.doi.org/10.1007/BF00628392
http://dx.doi.org/10.1007/BF00628392
http://dx.doi.org/10.1007/BF00628392
http://dx.doi.org/10.1103/RevModPhys.65.733
http://dx.doi.org/10.1103/RevModPhys.65.733
http://dx.doi.org/10.1103/RevModPhys.65.733
http://dx.doi.org/10.1103/RevModPhys.65.733
http://dx.doi.org/10.7567/APEX.7.063004
http://dx.doi.org/10.7567/APEX.7.063004
http://dx.doi.org/10.7567/APEX.7.063004
http://dx.doi.org/10.7567/APEX.7.063004
http://dx.doi.org/10.7566/JPSJ.84.043601
http://dx.doi.org/10.7566/JPSJ.84.043601
http://dx.doi.org/10.7566/JPSJ.84.043601
http://dx.doi.org/10.7566/JPSJ.84.043601
http://dx.doi.org/10.7567/JJAP.54.050302
http://dx.doi.org/10.7567/JJAP.54.050302
http://dx.doi.org/10.7567/JJAP.54.050302
http://dx.doi.org/10.7567/JJAP.54.050302
http://dx.doi.org/10.1038/nphys3526
http://dx.doi.org/10.1038/nphys3526
http://dx.doi.org/10.1063/1.1714135
http://dx.doi.org/10.1063/1.1714135
http://dx.doi.org/10.1063/1.1714135
http://dx.doi.org/10.1063/1.1714135
http://dx.doi.org/10.1088/0143-0807/3/4/004
http://dx.doi.org/10.1088/0143-0807/3/4/004
http://dx.doi.org/10.1088/0143-0807/3/4/004
http://dx.doi.org/10.1088/0143-0807/3/4/004
http://dx.doi.org/10.1088/0022-3719/4/14/003
http://dx.doi.org/10.1088/0022-3719/4/14/003
http://dx.doi.org/10.1088/0022-3719/4/14/003
http://dx.doi.org/10.1088/0022-3719/4/14/003
http://dx.doi.org/10.1103/PhysRevB.11.4455
http://dx.doi.org/10.1103/PhysRevB.11.4455
http://dx.doi.org/10.1103/PhysRevB.11.4455
http://dx.doi.org/10.1103/PhysRevB.11.4455
http://dx.doi.org/10.1143/JPSJ.41.1534
http://dx.doi.org/10.1143/JPSJ.41.1534
http://dx.doi.org/10.1143/JPSJ.41.1534
http://dx.doi.org/10.1143/JPSJ.41.1534
http://dx.doi.org/10.1007/BF01307860
http://dx.doi.org/10.1007/BF01307860
http://dx.doi.org/10.1007/BF01307860
http://dx.doi.org/10.1007/BF01307860
http://dx.doi.org/10.1103/PhysRevLett.106.076601
http://dx.doi.org/10.1103/PhysRevLett.106.076601
http://dx.doi.org/10.1103/PhysRevLett.106.076601
http://dx.doi.org/10.1103/PhysRevLett.106.076601
http://dx.doi.org/10.1103/PhysRevB.87.115301
http://dx.doi.org/10.1103/PhysRevB.87.115301
http://dx.doi.org/10.1103/PhysRevB.87.115301
http://dx.doi.org/10.1103/PhysRevB.87.115301
http://dx.doi.org/10.1103/PhysRevB.87.180402
http://dx.doi.org/10.1103/PhysRevB.87.180402
http://dx.doi.org/10.1103/PhysRevB.87.180402
http://dx.doi.org/10.1103/PhysRevB.87.180402



