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We report the observation of the Barnett field, rotational Doppler effect, and Berry phase using the rotating

nuclear quadrupole resonance (NQR) method. We have developed coil-spinning techniques that enable us to
systematically study the effects of rotation in setups involving rotation of the signal detector, rotation of the
sample, and simultaneous rotation of both the signal detector and sample. Applying these setups to NQR
measurements, we observe NQR line splittings in which the spectral structures are clearly distinct among the

setups. By analyzing these structures, we clarify the origin of the NQR line splittings and discuss the relationship
between the rotational Doppler effect, Barnett field effect, and Berry phase in terms of the rotational degrees of
freedom, such as the relative rotation and the sample rotation itself, and the observation frame of reference. We
also provide clear evidence of the difference between the rotational Doppler effect and the Barnett field and the

equivalence of the Barnett field and the Berry phase.
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I. INTRODUCTION

The interaction between the spin of an electron and me-
chanical rotation has played a crucial role in the development
of quantum physics. A century ago, the first experimental
proof that an electron spin has angular momentum was pro-
vided by experiments on the Barnett effect and Einstein—de
Haas effect [1-4]. These studies experimentally determined
the value of the g factor of an electron to be ~2 prior to the
establishment of modern quantum physics. The Einstein—de
Haas effect has been exploited to determine the g factors of
electrons in various materials and the orbital component of
the magnetic moment [5,6].

Alongside recent advances in physics and technology, the
interaction between the spin of an electron and mechanical
rotation has once again attracted attention at the frontier of
contemporary physics, especially in terms of spintronics and
the physics of quantum geometric phases [7,8], such as Berry
phases. The Berry phase provides us with a new way to deal
with a cyclic time-dependent Hamiltonian and has also been
discovered in mechanical systems [9-12]. Concurrently, in
the field of spintronics, the Einstein—de Haas effect has been
exploited to mechanically manipulate microscale devices such
as cantilevers [13,14] and paddles [15,16] fabricated by using
nanotechnology. The Barnett effect has also been used to
generate a spin current from mechanical motion such as fluid
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flows [17-20] and surface acoustic waves [21,22] and to detect
the angular momentum compensation point [23,24].

The Barnett effect has also been observed in nuclear
spin systems [25-28]. The origin of the Barnett effect is
spin-rotation coupling [29], which is formulated from the rela-
tivistic quantum theory [19,30,31]. The spin-rotation coupling
is interpreted as an effective magnetic field, referred to as the
Barnett field B = €2/y, where Q2 is the angular velocity of
a rotating sample and y is the gyromagnetic ratio [29,32,33].
As the Barnett field is an inertial field analog of the Coriolis
force in a rotating frame of reference, an observer must be in
the same rotating frame of reference as the rotating sample to
observe the inertial force.

We have observed the Barnett field acting on nuclei by us-
ing the specially designed NMR circuit depicted in Fig. 1(a),
which enables us to detect NMR signals in the same rotating
frame as a rotating sample [25]. The circuit consists of a
sample coil for detecting the NMR signal and a coupling coil
for transmitting the NMR signal from the rotating frame to
the laboratory frame. Using this circuit, we can observe the
NMR shift by a frequency of €2/27, which corresponds to the
rotational frequency, owing to the Barnett field. Furthermore,
using a similar circuit and a stationary sample, we can observe
the rotational Doppler effect [26]. This effect also causes
the NMR frequency to shift by the same frequency /27
corresponding to the rotational frequency. Furthermore, upon
rotating only the sample, the two effects cancel each other out,
resulting in no NMR shift [26].

However, because of the equality of the NMR shift arising
from the Barnett field and the rotational Doppler effect, Jeener
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FIG. 1. (a) Typical hardware for the present rotating NQR mea-
surements. (b) Unit cell of NaClOs. (¢) Schematic illustration of the
energy level splitting due to the quadrupole interaction for nuclear
spin J = 3/2. (d) Temperature dependence of the NQR frequency
wg / 2.

criticized that the NMR shifts observed in the above two
setups, namely, with simultaneous rotation of both the sample
and the sample coil and rotation of only the sample coil, may
be explained solely by the sample coil rotation and thus that
rotating the sample is not essential; he denied the existence
of the Barnett field as an unnecessary hypothesis [34]. In the
NMR community, nuclear spins in a rotating material have
been considered to be decoupled from the rotational motion of
the material, and thus, the Barnett field has not been accepted
as the inertial force in a rotating frame of reference [28,34,35].
On the other hand, the Berry phase has been studied using
NMR and nuclear quadrupole resonance (NQR) and has been
accepted in the NMR community, even though both the Berry
phase and the Barnett field are gauge fields in a certain coor-
dinate frame of reference [11,36].

In this paper, we provide explicit experimental evidence
of the difference between the Barnett field and the rotational
Doppler effect by using a rotating NQR method. The NQR
line split into two lines upon rotation of only the sample coil,
while the NQR line split into three lines upon simultaneous
rotation of both the sample and the sample coil. These findings
indicate that the nuclear spin in the rotating material couples
with the external rotation and is affected by the inertial elec-
tromagnetic force, that is, the Barnett field. In addition, we
also demonstrate the equivalence of the Berry phase and the
Barnett field as a gauge field in a certain coordinate frame of
reference. We formulate the Barnett field, rotational Doppler
effect, and Berry phase in a unified way and straighten out the
relation between them.

II. EXPERIMENTAL METHODS

We chose a single crystal of a sodium chlorate (NaClO3)
as the sample for measurements because the linewidth in
the *>Cl NQR spectrum of NaClOs is sufficiently narrow to
permit the effects of rotation to be evaluated using our current
experimental equipment (produced by JEOL), which has a
maximum rotational frequency of 22 kHz. Figure 1(b) shows
the crystal structure of NaClOs. The unit cell contains four
NaClO3; molecules. The principal axis of the electric field gra-
dient (EFG) at the Cl sites in the molecule is axially symmetric
along the bond joining Na and CI atoms. In the crystal, the
principal axis of the EFG is directed along (111).

As the nuclear spin of **Clis J = 3/2 and has a quadrupole
moment, its energy levels split into two degenerate levels in
the uniaxial EFG as follows:

3

e*qQ -3
=———(3/7-J)=A :
Ho= 7= =)

where Hj is the quadrupole Hamiltonian and A is defined
as ¢*qQ/4J(2J — 1). The spin states of k = 3/2, —3/2 and
k =1/2, —1/2 degenerate as shown in Fig. 1(c). Transitions
are possible between 3/2 <> 1/2 and —3/2 <> —1/2. Then,
the NQR frequency wp/2m can be expressed as 6A/h and
is 29.898 MHz at 30 °C. The gyromagnetic ratio y /2w,
quadrupole moment Q, and natural abundance of 3°Cl are
+4.172 MHz/T, —8.2 x 1072 c¢m?, and 75.77%, respec-
tively. The temperature dependence of the NQR frequency
is 495 kHz/K at around room temperature, as shown in
Fig. 1(d). Thus, we carefully controlled the temperature within
0.01 K during the measurements.

The single crystal was grown by slow evaporation from a
saturated aqueous solution of NaClO3. The crystal axis was
determined by x-ray diffraction. The edge of the as-grown
single crystal corresponded to the (100) direction. The ro-
tating axis was also along the (100) direction. Under these
conditions, the four CI sites in the unit cell were equivalent,
and the angle 6 between the principal axis of the EFG and the
rotation axis could be expressed as cos§ = /1/3.

Figure 1(a) shows the hardware used for the present mea-
surements. The coil rotation was realized using a specially
arranged tuning circuit positioned in a high-speed rotor,
which was installed inside a stationary coil and isolated me-
chanically from the outer circuit. Electromagnetic coupling
between the outer and inner circuits was realized by the
mutual induction between the stationary coil and coupling
coil. Both coils were parallel to the rotation axis. In this
configuration, the rotational Doppler effect does not occur
between the stationary coil and the coupling coil, as shown
in the following. Additional details regarding the hardware
are provided in Refs. [25,26]. All of the experiments were
performed under zero magnetic field. The temperature during
the NQR measurements was maintained at 30 °C by control-
ling the temperature of the air flow that drove the high-speed
rotator.
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FIG. 2. (a) and (b) **C1 NQR spectra at various values of the
rotational frequency (0—6 kHz) obtained under only sample coil
rotation with the coil (a) perpendicular and (b) parallel to the rotation
axis. The origin of the horizontal axis is the center of the NQR spectra
at © = 0, that is, wp/27. (c) Rotational frequency dependence of the
NQR shift shown in (a). The solid line is intended to serve as a guide
to the eye. The slope of the line is 1.

III. EXPERIMENTAL RESULTS

A. Only coil rotation

In Figs. 2(a) and 2(b), we show the »CI NQR spectra
measured under only sample coil rotation. In this setup, the
sample was fixed in the laboratory frame of reference, and
no external field was applied to the sample. In spite of this,
the NQR spectrum splits into two lines with equal intensity,
as shown in Fig. 2(a), and each shift was +€2/2m, as shown
in Fig. 2(c). This splitting was caused by the relative rotation
between the sample and the sample coil because of the lack of
an external field acting on the sample. Thus, we call this the
rotational Doppler effect.

In the case of the longitudinal coil, as shown in Fig. 2(b),
in contrast, no line splitting was observed at rotational fre-
quencies up to 6 kHz. This result indicates that the rotational
Doppler effect does not appear in the configuration with the
coil axis parallel to the rotation axis. The line broadening
observed at rotational frequency above 4 kHz was caused by
the temperature distribution in the sample due to the friction
with the air. This temperature distribution was estimated to be
40.02 K over the sample.
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FIG. 3. (a) and (b) **Cl NQR spectra at various values of the
rotational frequency (0—10 kHz) obtained under simultaneous sample
and sample coil rotation with the coil (a) perpendicular and (b) paral-
lel to the rotation axis. The origin of the horizontal axis is the center
of the NQR spectra obtained at Q2 = 0, i.e., wy/27. (c) Rotational
frequency dependence of the shift of the satellite lines. The solid line
is intended to serve as a guide to the eye. The slope of the line is ~/3.

B. Simultaneous sample and sample coil rotation

In Figs. 3(a) and 3(b), we present the *>C1 NQR spectra
obtained under simultaneous rotation of both the sample and
sample coil for the transverse coil and the longitudinal coil,
respectively. For both the transverse and longitudinal coil
rotations, we obtained the same NQR spectra. These NQR
spectra are different from those in Figs. 2(a) and 2(b) that were
obtained under only coil rotation. The single line at Q2 =0
splits into three lines under the rotation, which were separated
by \/§Q/2n, as shown in Fig. 3(c). In both cases, there was
no relative rotation between the sample and sample coil, that
is, no rotational Doppler effect. Therefore, the line splitting
was caused by the Barnett field emerging along the rotation
axis owing to the sample rotation.

C. Only sample rotation

In Fig. 4, we show the *CI NQR spectra obtained under
only sample rotation. This setup involves both sample rotation
itself and the relative rotation. Figure 4(a) presents the NQR
spectra obtained for the transverse coil in the stationary frame
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FIG. 4. (a) and (b) *Cl NQR spectra at various values of the
rotational frequency (0-10 kHz) obtained under only sample rotation
with the coil (a) perpendicular and (b) parallel to the rotation axis.
The origin of the horizontal axis is the center of the NQR spectra
obtained at 2 = 0, that is, wy. (c) Rotational frequency dependence
of the shifts presented in (a). The solid lines are intended to serve as
a guide to the eye. The slopes of the green and blue lines are 1 and
/3 — 1, respectively.

of reference. The NQR line splits into two, and each of the
resulting lines has a shoulder, as indicated by the open green
triangles and solid blue triangles, respectively. In contrast, as
shown in Fig. 4(b), for the longitudinal coil the NQR spectra
split into three lines, and the separation of the lines was
proportional to +/3€/27. The NQR spectra obtained for the
longitudinal coil were identical to those shown in Figs. 3(a)
and 3(b). The origin of the difference between the NQR
spectra shown in Fig. 4(a) and those shown in Figs. 4(b), 3(a),
and 3(b) was the occurrence of the rotational Doppler effect
in the former case. The rotational frequency dependence of
these four shifts in Fig. 4(a) is summarized in Fig. 4(c). The
dependence of the peak and shoulder frequencies on rotational
frequency is proportional to /27 and (v/3 — 1)2/27, re-
spectively.

IV. THEORETICAL CALCULATIONS

A. Only coil rotation

We formulate the NQR spectra shown in Figs. 2(a) and 2(b)
in the following. The time evolution of the nuclear spin states
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FIG. 5. (a) Definition of the coordinate axes for the calcula-
tions, the direction of rotation, and the principal axis of the EFG.
(b) Schematic illustration of the energy state splitting due to the
Zeeman interaction of the Barnett field in addition to the quadrupole
interaction. (c) The green and light and dark blue curves are
the simulations using Egs. (17a)—(17d) or Egs. (32a)—(32d) and
Egs. (24a)—(24d) or (33a)—(33d) for the upper and lower NQR spec-
tra, respectively. The red curve in (c) is the experimental data shown
in Fig. 4(a) with a rotational frequency of 10 kHz.

can be written as
ki 1) = el A Mol 1k o) 2)

where k denotes 3/2, 1/2, —1/2, or —3/2. We define the
operator for the rotational Doppler effect as follows:

e —i0J; thJ’J/ iQtJ! 19])’,’ (3)
where J; denotes J; or J4. J, and J|_ are spin operators paral-
lel and perpendicular to the rotation axis, respectively. e+
expresses the rotation of the spin state |k) around the y axis
in terms of 6, which is the angle between the coil rotation
axis and the principal axis of the EFG in the crystal and is ex-
pressed as cos @ = /1/3, as shown in Fig. 5(a). e‘iQ’JQJ;eiQ’Jf
represents the rotation of the observable J; along the z axis
with a frequency of €2/2m. This operator corresponds to the
rotation with the sample coil as the observer. The general
formula for the expected value of the time-dependent spin
state for a rotational Doppler effect can be expressed as

(K';t] e e

= (K:0|e” Jiy di' Ho ih y=i6J] i, y1 ,iQ1, ,i6J]
J

7thJ«”JJ/-€thJZ€l6J-“ |k,t>

« elodi'Ho/in Ik; 0)

(EE —E})/if (K5 0] =% tQtJ’J/etQt] 0 1k:0), (4)
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where Eé is the eigenvalue of H,, for spin state k.

In the case of a longitudinal coil [Fig. 2(b)], we define the
observable J ; to be JZ’. Then, the observable can be calculated
as follows:

e—iGJ thJ/j/ thJ 191 10./\‘// 10./’ (5)
The expected values can be calculated as
(3/2;1] e e 71U g oI U 10N |1 /21 1)
= €0 (3/2;0] e 1T [1/2;0), (62)
—3/2:t] e e N Mg |~ 1/2: 1)
= 0 (—3/2;0] e )" |—1/2;0).  (6b)

This result indicates that, in the case of the longitudinal
coil rotation, the expected value of a spin state rotates with
frequency wg/27 and the NQR signal does not exhibit any
shift. This result is consistent with the NQR spectra, as shown
in Fig. 2(b).

On the other hand, in the case of transverse coil rotation
[Fig. 2(a)], the observable J j’ is J.. Then, the operator can be
calculated as follows:

010} gL 1 i1, 6]
A )
— o 10 1L Tt J;) oI, 6]
= ¢ Ph[(J] cos Qt + Jy sin Qt)
+i(—J} sin Qf + J] cos Qt)]e"”
— e—i@.]",[(]/e:FQI + J/.e:F(Ql—JT/Z))]ei@J;
19.] [(J eIFQt + lJ eIFQt )]etel
_ eIFQt (6‘710‘/‘], 19J ) (7)
The expected values are given by
<3/2,t| e—i@.]‘/,e—inJ;J#eiQtJ;eiQJ;_ |1/2’ t)
= elvote i (3 /2:0le 5T e 11/2:0),  (8a)
<—3/2,t| e —i6. i —iQtJ! J/ th.l/ 19‘/)/, |—1/2,t>
= e (=3/2;0[e "] €% |~1/2;0). (8b)

This result indicates that, in the case of transverse coil
rotation, the NQR signal splits into two lines with an NQR
shift of €2/27 and a center frequency of wg /27 . These NQR
intensities can be calculated from the transition probability as
follows:

3/2'0|J+|1/2'O ) 2= 3/4 (9a)
(—=3/2;0]J_ |—1/2;0) [*= 3/4. (9b)

The NQR intensities of the two lines are equal. These
calculations satisfactorily reproduce the observed NQR spec-
tra shown in Fig. 2(a). The rotational Doppler effect arises
from the noncommutative property of J,. and e*: for the
transverse coil rotation as expressed in Eq. (7). It should be
noted here that the transition probability was calculated using
J+ (not J,), whose quantization axis is along the principal axis
of the EFG [Fig. 5(a)].

B. Simultaneous sample and sample coil rotation

We describe the NQR line splittings due to the Barnett field
shown in Figs. 3(a) and 3(b) in the following. In addition to
the EFG, when the Barnett field acted on the nuclei, the two
degenerate spin states of |£3/2) and |£1/2) split into four
spin states, as shown in Fig. 5(b). In the present case, Hg of
the Zeeman interaction due to the Barnett field is much weaker
than H of the quadrupole interaction. Thus, the eigenstate
can be obtained by treating He as a perturbation term [37].
As the Barnett field emerges along the rotation axis, Hg can
be written as follows:

Hq = —yhBq(J; cos 6 + J, sin6), (10)

where 0 denotes the angle between the rotation axis and the
principal axis of the EFG. In this formula, the quantization
axis is along the principal axis of the EFG, and thus, J, is also
along the principal axis of the EFG. For J = 3/2, the matrix
elements of Hq can be written as

V3
hQ VI3 2J2/3 .
2 2273 —JI/3 b

V3

where the columns and the rows are in the order of |3/2),
[1/2), |—1/2), and |—3/2). There is no coupling between the
states of £3/2 and £1/2 because Hy, is treated as a pertur-
bation, that is, Hgy < Hyp. The £1/2 block is diagonalized
using an unitary operator as follows:

1

V3hQ 1
R(e)HaR(—a) = - 1 12)
-1
Here R(«) is expressed as follows:
1
coso sin o
Ra) = —sina  cos« ’
1

cosa =+/2/3, sina=,/1/3. (13)

The eigenvectors of the diagonalized H are in the order
of |3/2), |+), |-), and |—3/2), where |+) and |—) are
expressed as |+) = /2/3|1/2) +/1/3|—1/2) and |—) =
—/1/311/2) + /2/3|—1/2). Then, the single transition
splits into four as [+3/2) < |4), [+3/2) < |—), |—3/2) <
|4+), and |—-3/2) < |—).

The time evolution of the nuclear spin states can be written
as

|k,t> — ef(; dl/’HQ/ihef(; dt'Hq ik |k, 0) . (14)

We also define the operator for the Barnett field as
—tGJ’J/ tGJ’ (15)

Compared with Eq. (3), the e operator is absent owing
to the lack of relative rotation between the sample and sam-
ple coil. Instead of the ™’ operator, the rotation effect
is reflected in the Barnett field. The general formula for the
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expected value of the time-dependent spin state for a Barnett
field can be expressed as

(Kt e T (ks )
= (K;0]e” Jo di'Halifi y— [g di'Ho /il ,—i6] JJ/' 210,
% ef(; dt”HQ/ihef(; dt'Hg /i Ik; 0)
_ ef(Eg7E§)t/ihef(E§LEé)t/iﬁ (k/;()'efiéj 7 10, ! 1k: 0) .
(16)

In the case of the longitudinal coil shown in Fig. 3(b), the
observable J ; is J/. Then, the expected values are given by

(3/2;t] e g e | 451)

= e (3/2;0] e~/ | 40) (172)
(3/2:1] e 5T | =5 1)

= ¢0! eV (3720 ¢~ ]I | =10, (17b)
(=3/2;1] e T |45 1)

= ¢! VU (3201 e |450),  (17¢)
(—3/2;t] e g e | —; 1)

= et (— 3/2 0le ™™ |=;0) . (17d)

This result indicates that, in the case of longitudinal coil
rotation, the NQR signal splits into three lines with a shift of
++/3Q/27 and a center frequency of wg/2m. The transition
probability can be written as

| (3/2:01J4 |+ 0) [’=1/2, (18a)
| (3/2:01J4 |—:0) [’= 1/4, (18b)
| (=3/2;01J_ |+;0) |*= 1/4, (18¢)
| (=3/2;01J_|—;0) >=1/2. (18d)

The ratio of the NQR intensities with the frequencies
(—V/3Q + wp) /27, wp/27, and (v/3Q + wp)/27 is 1:4:1.
The results satisfactorily reproduce the observed NQR spectra
shown in Fig. 3(b).

In the case of the transverse coil shown in Fig. 3(a), the
observable J} is J, . Then, the expected values are given by

(3/2:t| e €™ |+4:1)

= ¢ (3/2;0] e % |4;0) (19a)
(3/2:1| efiGJ".J_/‘_eiOJ; |—: 1)

= ¢l0l =V (3/2:0] e4J  |—;0),  (19D)
(=3/2:t| 5T e | 431)

= &2 V3 (3201 N T e |+0), (19¢)
(=3/2:t] e hT e |—i1)

= ¢! (=3/2;0] e ¢ |5 0). (19d)

The result indicates that, in the case of transverse coil
rotation, the NQR signal also splits into three lines with an
NQR shift of £4/3Q2/27 and a center frequency of wo /2.
The transition probability is given by Eqgs. (18a)—(18d). The

ratio of the NQR intensities with frequencies of (—/3Q2 +
wp)/2m, wp/2m, and (\/§Q + wg)/2m is 1:4:1. The results
reproduce the observed NQR spectra shown in Fig. 3(a).

As shown in Figs. 3(a) and 3(b), the two sets of observed
NQR spectra were identical. The reason for this is the absence
of the rotational Doppler effects owing to the lack of relative
rotation between the sample and sample coil.

C. Only sample rotation

We formulate the NQR spectra shown in Figs. 4(a) and 4(b)
in the following. The structures of the NQR spectra can be
explained in two ways. The first involves the combination
of the Barnett field and the rotational Doppler effect. In this
case, we first consider the NQR spectra due to the Barnett
field in the rotating frame of reference and then consider
the NQR spectra in the laboratory frame of reference, taking
into account the rotational Doppler effect due to the relative
rotation. The other involves the Berry phase. In this case, we
directly observe the spin dynamics in the rotating sample from
the laboratory frame of reference.

1. Barnett field and rotational Doppler effect

First, we consider the Barnett field in the same rotating
frame of reference as the sample. The NQR line splits into
three lines owing to the Barnett field, as shown in Figs. 3(a)
and 3(b). Then, we apply the rotational Doppler effect for
each resonance frequency. The time evolution of the nuclear
spin states is given by Eq. (14). The operator of the rotational
Doppler effect is as follows:

e"gl"e’Q’JfJ;e_’QtJf 619.]),. (20)

Here note that the sign of iQ¢J'z is opposite that in Eq. (3).
This difference arises from the difference in the direction of
relative rotation; Eq. (3) expresses the rotation of the sample
coil, whereas Eq. (20) expresses the rotation of the sample
itself. The general formula for the expected value of the time-
dependent spin state for the combination of the Barnett field
and the rotational Doppler effect can be written as

k1| e-i@J;eiQtJ;J;e—iQtJ;eiQJ; k1)
— (k0| e Jo di'Ha/ih ,= [3 di"Ho ik ,~i6J] i J; oI 0]
« ef(; dr'Ho/ih , Jy d'Hea/ik Ik; 0)
— o~ (Eb—Eb)t/ih ,—(E§ ~E{ ) /in (K0l e—iaJ;eiQtJ;J;

x e ey |1 0) . 1)

In the case of the longitudinal coil shown in Fig. 4(b), the
observable J ]’ is J,. Then, the operator is calculated:
o= i09] i1 J! oI Hi01] _ =0 e i0J; 22)
The expected values are given by Eqgs. (17a)—(17d). This result
indicates that, in the case of the longitudinal coil, the NQR
signal splits into three lines with an NQR shift of ++/3Q/27
and a center frequency of wp/2m. The transition probability
is given by Eqgs. (18a)—(18d). The ratio of the NQR intensities
with frequencies of (—/3Q + wp)/2m, wo/2m, and (V3Q +
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wq)/2m is 1:4:1. This calculation satisfactorily reproduces the
observed NQR spectra as shown in Fig. 4(b).

In the case of the transverse coil shown in Fig. 4(a), the
observable J’- is J/_. Then, the operators can be calculated as

—19J IQt.l J/ —iQtJ] 19.1 ilﬂt(e_ﬁj‘]/ 19.1) (23)

The expected values are given by

(3/2 tle—lQJ iQtJ! J/ —thJ 19./; |+t>

_ elet iQt (3/2 Ol e 19_/“]/ l9] | ,O) , (243)
(3/2 tl e_lej)'e’Q’JrJ’ e—thJ:elﬁJv |_ t)
_ elet 7lth th 3/2 O| e*lOJ‘J/ eté] |_0> , (24b)

(_3/2,” e—tﬁf),ethJZJ/_e—tQtfzelef)_ |+7 t)
— eintei\/thefiQt< 3/2 0| 8719‘/‘.]/ 1(9./‘ |+ )’ (24C)
(—3/2:t]e e

zmQt —th

iQt];J/_eftQI]zelQJy |_’ t)

=e (=3/2;0] 5T % |—;0). (24d)

This result indicates that, in the case of the transverse
coil, the NQR signal splits into four lines with NQR shifts
of [+(v/3 —1)Q]/27 and +Q/27. The transition proba-
bility is given by Eqgs. (18a)—(18d). The ratio of the NQR
intensities with frequencies of (22 + wg)/27, (V3 - D+
wol/27, [—(v/3 — D+ wpl/2m, and (=R + wp)/27 is
2:1:1:2. This calculation satisfactorily reproduces the ob-
served NQR spectra shown in Fig. 4(a). The NQR shifts
expressed in Eqs. (24a)—(24d) are simulated in Fig. 5(c). The
upper NQR spectrum in Fig. 5(c) represents line splitting due
to the Barnett field expressed in Eqs. (17a)—(17d). The lower
NQR spectrum in Fig. 5(c) is the resulting NQR spectrum af-
ter including the rotational Doppler effect [Eqs. (24a)—(24d)].

2. Berry phase

First, we provide a description of the Berry phase for the
experimental results shown in Figs. 4(a) and 4(b). In the
setup shown in Fig. 4, the nuclear precession in the rotating
sample is observed by an observer in the laboratory frame
of reference. In this case, the principal axis of the EFG is
rotating. This means that the quantization axis of the nuclear
spin system is also rotating. In this situation, a cyclic time-
dependent Hamiltonian should be resolved. In an adiabatic
limit, in which the rotational frequency is much less than that
of the EFG, that is, wg >> €2, the Hamiltonian can be approx-
imately reduced by introducing the Berry phase [11,38].

We consider the time-dependent Hamiltonian Hy(t) as
follows:

(K30 Hy |k; 0) = (k'; 0| UUTHuUUT |k; 0)
= (K'st| Ho(t) k;t) . (25)
Here Then, |k : 1) = e e |k 2 0)
means that the spin state is tilted from the z axis by 6 and

rotates about the z axis with frequency 2/2m. According to
the Berry description, the spin state can be written as follows:

U = o—i0%) piJ!

eel dHol i ;1) | (26)

where y; is the Berry phase and its accumulation is written as

t
d
w=1i [ dt' (Kit'| — |k;t'
Yi'k 1/0 (k1] P ks ")
! o1 opp 0 s ,
_ i/ dt’ (K- 0] e~ % o0t O p=i' T oI, . )
A ot

1
— / dt’ <k,, 0| e*iG])’,eiQt’J;(sz/)efiﬂt’];eiéj‘f |k, 0>
0

= Q1 (K';0] e ] |k; 0)

= Qt (k';0] (J] cos 0 + J; sinf) |k;0) . 27
Then, the matrix element can be expressed as
V3
Qrt J1/3 0 2/2/3 ’8
2 2273 —J1/3 ’ (28)

V3

where the columns and the rows are in the order of |3/2),
[1/2), |—1/2), and |—3/2). There is no coupling between
the states of +3/2 and £1/2 owing to the adiabatic limit
wg > Q. The £1/2 block is diagonalized using the unitary
operator defined in Eq. (13) as follows:

1
V3t 1
2 -1

(29)
-1
The eigenvectors of the diagonalized y; are in the order of
The general formula for Berry’s description of the time-
dependent spin state is given by

(Kst]e I dt”f(Q/ihefiyk/Jj(eiyke.f' dr'Hy /il Ik; 1)
— (K0 o109 i, = [ dt’(lle/ihefiyk/Jj{eiykef’ dt'Ho /i
x e~ 0% | 0)
— o~ i) ef(ngEé)t/ih (K 0] o109} i J,"
x e~ He |k 0) (30)

In the case of the longitudinal coil shown in Fig. 4(b), the
observable J ; is J/. Then, the operator is calculated as
o= i09) piJ. J! oI i1 _ ,—i0J] J! o0 31)
The expected values are written as

ol e . . . T .
<3/2,t| e—j dt HQ/lﬁe—lyk/JZ/elykef dt'Hp /il |+,t>

= ¢ (3/2:00 7T 1430, (320)
(3/2;t| e I dt'WQ/iﬁe*in/Jz/eiykej” dHo /il | _. 4y
= ¢loote 3% (30,01 e R I |=10),  (32b)
(=3/2:t] e/ dl’WQ/iﬁe—iyk/J/eiykef’ dr'Ho /il | 1. 4y
= elet l[Qt( 3/2 0|€ ZQJ‘J/e'QJ |+ O) (32C)
—3/2;1] e—f dt’ HQ/lhe—zyk/J/ezmef dt'Ho ik |—:1)
’ z b
= einf <_3/2’0| e—i@J}’.JZ/eiGJ}’. |—:0). (32d)
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This result indicates that, in the case of the longitudinal
coil rotation, the NQR signal also splits into three lines with
an NQR shift of ++/3€2/27 and a center frequency wp /2.
The transition probability is given by Eqs. (18a)—(18d). The
ratio of the NQR intensities with frequencies of (—«/§Q +
wg)/2m, wo/2m, and (\/§Q + wg)/2m is 1:4:1. The result
satisfactorily reproduces the NQR spectra shown in Fig. 4(b).

In the case of transverse coil rotation as shown in Fig. 4(a),
the observable J; is J.. Then, the expected values are given
by

<3/2,t| e fl dt'ﬂg/iﬁefiyk/‘]-/’—eiykefl dt'Hp/in |+, [)

— 00! pif (3/2;0] e—iGJ‘(Jg_eiQJ; |4;0), (33a)
(3/2;1] e~ A Mal =i Jl ool Mol | 1)
— einle—ix/theiQt (3/2, Ol e_iej),r.]jreie‘]){ |—; 0) S (33b)

<—3/2,t| e*f’ dl"/‘lQ/iﬁefiyk/J/_eiykefl dt'Hy/ih |+,t>
— eintel\/ng‘efiQt (_3/2’()' e*i@J;J/ieiQ.l;. |+,0) , (330)
(=3/2;t] e J dz/?{Q/ihe—iyk/JLeiykeft dt'Ho/ih |—: 1)

— einte—iQt (_3/2’0| e_iajylv_]ieiej,»,‘ |—;O> . (33(1)

This result indicates that, in the case of transverse coil
rotation, the NQR signal splits into four lines with NQR
shifts of £(v/3 — 1)2/27 and £§/27. The transition prob-
ability is given by Egs. (18a)—(18d). The ratio of the NQR
intensities with frequencies of (2 + wp)/2r, (W3- DQ+
wpl/2m, [—(V3-1DQ+ wpl/2m, and (=2 + wg)/2m is
2:1:1:2. This result satisfactorily reproduces the observed
NQR spectra shown in Fig. 4(a). The NQR shifts expressed
in Eqgs. (33a)-(33d) are simulated in Fig. 5(c). The upper
NQR spectrum in Fig. 5(c) represents line splitting due to the
Berry phase expressed in Eqs. (32a)—(32d). The lower NQR
spectrum in Fig. 5(c) is the resulting NQR spectrum after
including the rotational Doppler effect [Egs. (33a)—(33d)].

V. DISCUSSION

As shown in Figs. 2(a), 2(b), 3(a), and 3(b), the NQR
spectra obtained under simultaneous sample and sample coil
rotation were completely different from those recorded un-
der only coil rotation. This finding demonstrates that the
rotational Doppler effect and the Barnett field are distinct
phenomena. Under the setup with simultaneous rotation of the
sample and sample coil, the NQR spectra split into three lines
and could be simply explained by introducing the Barnett field
into the rotating frame. This was also the case for the NQR
spectra obtained using the longitudinal and transverse coils.
The reason for this is that there is no relative rotation between
the sample and sample coil; thus, the time-dependent operator
e s not necessary.

In contrast, as shown in Figs. 2(a) and 2(b), under the
setup with only transverse coil rotation, the NQR spectra split
into two lines, whereas under longitudinal coil rotation the
NQR spectra did not change. This difference arises from the
noncommutative property of J. and ¢’ for transverse coil
rotation and the commutative property of J, and €% for lon-
gitudinal coil rotation. It should be noted that longitudinal coil

Barnett field Berry phase
Qly

0 “EFG |_—

in the rotating frame in the laboratory frame

FIG. 6. Illustration of the equivalence of the Barnett field and the
Berry phase.

rotation, in which the coil axis is parallel to the rotation axis,
does not cause the rotational Doppler effect. Consequently,
the coupling between the coupling coil and the stationary coil,
which transmits the NQR signal from the rotating frame to
the laboratory frame, does not cause rotational Doppler effects
because both the coupling coil and stationary coil are parallel
to the rotation axis.

In the case of only sample rotation, as shown in Figs. 4(a)
and 4(b), we have provided two explanations. The first is
based on the combination of the Barnett field in the rotat-
ing frame and the rotational Doppler effect and the second
involves the Berry phase. Both explanations account for the
observed NQR spectra shown in Figs. 4(a) and 4(b) owing
to the equivalence of the Barnett field and the Berry phase
accumulation, that is, e~E& ~E&)/if — == as shown in
Egs. (21) and (30). The cause of this is the identical matrix
elements due to the equivalence of the perturbation of the
Barnett field in the rotating frame and the Berry phase ac-
cumulation in the adiabatic limit in the laboratory frame, as
shown in Egs. (11) and (28). This relation is illustrated in
Fig. 6. The Barnett field and the Berry phase can be regarded
as a gauge field in the rotating frame and the laboratory frame,
respectively [35]. The difference in the NQR spectra between
Figs. 4(a) and 4(b) arises from the rotational Doppler effect,
which appears in only the case of the transverse coil. The re-
lation between the Barnett field, the rotational Doppler effect,
and the Berry phase effect is summarized in Table 1.

According to our previous reports describing the NMR de-
tection of Barnett fields [25], the NMR lines shift by the same
frequency as the rotational frequency €2/27 under simultane-
ous rotation of the sample and sample coil. Because in this
setup the rotation axis is parallel to the external field, there is
no accumulation of the Berry phase. The NMR shift originates
from the Barnett field due to sample rotation. This interpre-
tation is consistent with the present NQR results shown in
Fig. 3(a). Under only sample coil rotation [26], the NMR lines
also shift by the same frequency as the rotational frequency
Q/2m. As the sample is stationary in this setup, no Barnett
field acts upon it. Therefore, the NMR shift arises from the
rotational Doppler effect. This interpretation is consistent with
the present results shown in Fig. 2(a). Although the two setups
provide NMR shifts of the same magnitude, they result in dif-
ferent NQR line splittings. These results indicate that the case
of simultaneous sample and sample coil rotation is fundamen-
tally different from that of only sample coil rotation. In the
case of only sample rotation, the Barnett field and rotational
Doppler effect cancel each other out, resulting in no NMR
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TABLE I. Variation of the physical phenomena arising from rotation depending on the experimental setup.

Setup Colil || €2 Coil L @

Only coil rotation Rotational Doppler effect

Sample and sample coil rotation Barnett field Barnett field

Only sample rotation Barnett field Barnett field + rotational Doppler effect
= Berry phase = Berry phase + rotational Doppler effect

shift. As shown by the present NQR experiments, the forms
of the Hamiltonians are different between the quadrupole and
the Barnett field terms, which generates different NQR shifts,
resulting in no cancellation of the Barnett field and rotational
Doppler effects even in the setup involving only sample ro-
tation. Thus, the criticism in Ref. [34] that the NMR shifts
observed for only coil rotation and simultaneous sample and
sample coil rotation can be explained solely by the sample coil
rotation and therefore that rotating the sample is not essential
is demonstrated to be irrelevant.

VI. CONCLUSION

In conclusion, we have evaluated the role of the rota-
tional Doppler effect, Barnett field, and Berry phase in NQR
measurements under three setups: only sample coil rotation,
simultaneous sample and sample coil rotation, only sample
rotation. We have experimentally shown the difference be-
tween the Barnett field and the rotational Doppler effect and

the equivalence of the Barnett field in the rotating frame and
the Berry phase in the laboratory frame. We have also ex-
perimentally confirmed the existence of the Barnett field and
the rotational Doppler effect. The results indicate that, when
describing the effects of mechanical rotation on magnetic
resonance measurements such as NMR and NQR, one should
simultaneously take into consideration the Barnett field, the
rotational Doppler effect, and the Berry phase.

ACKNOWLEDGMENTS

The authors thank H. Yasuoka, K. Harii, M. Sato, Y.
Ohnuma, and J. Ieda for valuable discussions, Y. Haga for
the x-ray diffraction experiment, and M. Ono for techni-
cal support. This work was financially supported by JST
ERATO “Spin Quantum Rectification Project” (Grant No. JP-
MIJER1402), JST CREST (Grants No. JPMJCR19J4, No. JP-
MIJCR1874, No. JPMJCR20C1 and No. JPMJCR20T2), and
JSPS KAKENHI (Grants No. JP19H05600, No. JP17H02927,
No. JP20H01863, No. JP20H01865 and No. JP21H01800).

[1] A. Einstein and W. J. de Haas, Proc. K. Ned. Akad. Wet. 18 I,
696 (1915).

[2] S. J. Barnett, Phys. Rev. 6, 239 (1915).

[3] S. J. Barnett, Rev. Mod. Phys. 7, 129 (1935).

[4] G. G. Scott, Rev. Mod. Phys. 34, 102 (1962).

[5] R. Huguenin and D. Baldock, Phys. Rev. Lett. 16, 795
(1966).

[6] R. Huguenin, G. P. Pells, and D. N. Baldock, J. Phys. F 1, 281
(1971).

[71 M. V. Berry, Proc. R. Soc. London, Ser. A 392, 45 (1984).

[8] Y. Aharonov and J. Anandan, Phys. Rev. Lett. 58, 1593
(1987).

[9]1 S. Appelt, G. Wickerle, and M. Mehring, Phys. Rev. Lett. 72,
3921 (1994).

[10] S. Appelt, G. Wiickerlc, and M. Mehring, Z. Phys. D 34, 75
(1995).

[11] R. Tycko, Phys. Rev. Lett. 58, 2281 (1987).

[12] J. W. Zwanziger, M. Koenig, and A. Pines, Phys. Rev. A 42,
3107 (1990).

[13] K. Harii, Y.-J. Seo, Y. Tsutsumi, H. Chudo, K. Oyanagi, M.
Matsuo, Y. Shiomi, T. Ono, S. Maekawa, and E. Saitoh, Nat.
Commun. 10, 2616 (2019).

[14] T. M. Wallis, J. Moreland, and P. Kabos, Appl. Phys. Lett. 89,
122502 (2006).

[15] K. Mori, M. G. Dunsmore, J. E. Losby, D. M. Jenson, M. Belov,
and M. R. Freeman, Phys. Rev. B 102, 054415 (2020).

[16] G. Zolfagharkhani, A. Gaidarzhy, P. Degiovanni, S. Kettemann,
P. Fulde, and P. Mohanty, Nat. Nanotechnol. 3, 720 (2008).

[17] R. Takahashi, M. Matsuo, M. Ono, K. Harii, H. Chudo, S.
Okayasu, J. Ieda, S. Takahashi, S. Maekawa, and E. Saitoh, Nat.
Phys. 12, 52 (2015).

[18] R. Takahashi, H. Chudo, M. Matsuo, K. Harii, Y. Ohnuma,
S. Maekawa, and E. Saitoh, Nat. Commun. 11, 3009
(2020).

[19] M. Matsuo, E. Saitoh, and S. Maekawa, J. Phys. Soc. Jpn. 86,
011011 (2017).

[20] H. T. Kazerooni, A. Thieme, J. Schumacher, and C. Cierpka,
Phys. Rev. Appl. 14, 014002 (2020).

[21] D. Kobayashi, T. Yoshikawa, M. Matsuo, R. Iguchi, S.
Maekawa, E. Saitoh, and Y. Nozaki, Phys. Rev. Lett. 119,
077202 (2017).

[22] M. Matsuo, J. leda, K. Harii, E. Saitoh, and S. Maekawa, Phys.
Rev. B 87, 180402(R) (2013).

[23] M. Imai, Y. Ogata, H. Chudo, M. Ono, K. Harii, M. Matsuo,
Y. Ohnuma, S. Maekawa, and E. Saitoh, Appl. Phys. Lett. 113,
052402 (2018).

[24] M. Imai, H. Chudo, M. Ono, K. Harii, M. Matsuo, Y. Ohnuma,
S. Maekawa, and E. Saitoh, Appl. Phys. Lett. 114, 162402
(2019).

[25] H. Chudo, M. Ono, K. Harii, M. Matsuo, J. Ieda, R. Haruki, S.
Okayasu, S. Maekawa, H. Yasuoka, and E. Saitoh, Appl. Phys.
Express 7, 063004 (2014).

174308-9


https://doi.org/10.1103/PhysRev.6.239
https://doi.org/10.1103/RevModPhys.7.129
https://doi.org/10.1103/RevModPhys.34.102
https://doi.org/10.1103/PhysRevLett.16.795
https://doi.org/10.1088/0305-4608/1/3/310
https://doi.org/10.1098/rspa.1984.0023
https://doi.org/10.1103/PhysRevLett.58.1593
https://doi.org/10.1103/PhysRevLett.72.3921
https://doi.org/10.1007/BF01439380
https://doi.org/10.1103/PhysRevLett.58.2281
https://doi.org/10.1103/PhysRevA.42.3107
https://doi.org/10.1038/s41467-019-10625-y
https://doi.org/10.1063/1.2355445
https://doi.org/10.1103/PhysRevB.102.054415
https://doi.org/10.1038/nnano.2008.311
https://doi.org/10.1038/nphys3526
https://doi.org/10.1038/s41467-020-16753-0
https://doi.org/10.7566/JPSJ.86.011011
https://doi.org/10.1103/PhysRevApplied.14.014002
https://doi.org/10.1103/PhysRevLett.119.077202
https://doi.org/10.1103/PhysRevB.87.180402
https://doi.org/10.1063/1.5041464
https://doi.org/10.1063/1.5095166
https://doi.org/10.7567/APEX.7.063004

CHUDO, MATSUO, MAEKAWA, AND SAITOH

PHYSICAL REVIEW B 103, 174308 (2021)

[26] H. Chudo, K. Harii, M. Matsuo, J. Ieda, M. Ono, S. Maeckawa,
and E. Saitoh, J. Phys. Soc. Jpn. 84, 043601 (2015).

[27] K. Harii, H. Chudo, M. Ono, M. Matsuo, J. Ieda, S. Okayasu, S.
Maekawa, and E. Saitoh, Jpn. J. Appl. Phys. 54, 050302 (2015).

[28] M. Arabgol and T. Sleator, Phys. Rev. Lett. 122, 177202 (2019).

[29] J. Frohlich and U. M. Studer, Rev. Mod. Phys. 65, 733
(1993).

[30] F. W. Hehl and W. T. Ni, Phys. Rev. D 42, 2045 (1990).

[31] M. Matsuo, J. Ieda, E. Saitoh, and S. Maekawa, Phys. Rev. B
84, 104410 (2011).

[32] L. D. Landau and E. M. Lifshitz, Electrodynamics of Contin-
uous Media, 2nd ed. (Butterworth Heinemann, Oxford, UK,
1976).

[33] E. L. Hahn, B. K. Tenn, and M. P. Augustine, in Novel NMR and
EPR Techniques, Lecture Notes in Physics Vol. 684 (Springer,
Berlin, 2006), p. 1.

[34] J. Jeener, Appl. Phys. Express 13, 109101 (2020).

[35] H. Chudo, M. Matsuo, K. Harii, M. Maekawa, and E. Saitoh,
Appl. Phys. Express 13, 109102 (2020).

[36] D. Suter, G. C. Chingas, R. A. Harris, and A. Pines, Mol. Phys.
61, 1327 (1987).

[37] A. Abragam, The Principles of Nuclear Magnetism (Oxford
University Press, London, 1961).

[38] A. Bohm, A. Mostafazadeh, H. Koizumi, Q. Niu, and J.
Zwanzinger, The Geometric Phase in Quantum Systems
(Springer, Berlin, 2003).

174308-10


https://doi.org/10.7566/JPSJ.84.043601
https://doi.org/10.7567/JJAP.54.050302
https://doi.org/10.1103/PhysRevLett.122.177202
https://doi.org/10.1103/RevModPhys.65.733
https://doi.org/10.1103/PhysRevD.42.2045
https://doi.org/10.1103/PhysRevB.84.104410
https://doi.org/10.35848/1882-0786/abb4af
https://doi.org/10.35848/1882-0786/abb343
https://doi.org/10.1080/00268978700101831

