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Proposal to detect emergent gauge field and its Meissner effect in spin liquids using NV centers
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We show that nitrogen-vacancy (NV) centers could provide distinct signatures of emergent gauge fields in
certain phase transitions in spin liquids. We consider the relaxation rate 1/7; of a diamond NV center placed a
distance zy above a crystal consisting of two-dimensional layers which hosts a U(1) quantum spin liquid with
spinon Fermi surface. We show that, during a spinon pairing transition from a U(1) to a Z2 spin liquid, the
relaxation rate exhibits a rapid fall just below the pairing transition. The drop is much faster than what can be
accounted for by the opening of the energy gap. Instead, the rapid fall with a unique z, dependence of its height
and width is the signature of the Meissner effect of the gauge field. We identify the organic ET compound which
has a phase transition at 6 K as a candidate for the experimental observation of this phenomenon.
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I. INTRODUCTION

Quantum spin liquid represents an exotic state of matter
where a Mott insulator or a spin system with antiferromag-
netic coupling fails to order magnetically at zero temperature
due to quantum fluctuations [1,2]. It has been under intense
studies both theoretically and experimentally because it is a
prime example of the notion of emergence: novel particles and
field emerge in the low energy description which are absent in
the original Hamiltonian. These emergent particles make their
appearance most naturally in a parton construction, where the
spin operator is represented by spinful fermions or bosons
or where an electron in a Hubbard model is represented by
fermions which carry spin (called spinons) and a boson which
carries charge (called chargon). This procedure introduces ex-
tra degrees of freedom and gauge fields are introduced which
project the system back to the physical degrees of freedom.
The magic is that, in certain cases, these artificial degrees
of freedom which are initially confined by the strong gauge
fluctuations become emergent deconfined particles coupled
with emergent gauge fields at low energy and long distances.
This mean-field-like picture does not usually have a well
controlled expansion parameter, and its validity has been a
subject of debate. However, the notion of emergent particles
and fields received a great boost by the discovery of exactly
soluble models, such as the Kitaev model on the honeycomb
lattice [3]. Starting with a spin model, it was clearly shown
that the low energy excitations are fermionic spinons (gapped
or gapless) and gapped Z2 gauge fluxes called visons. This
fits perfectly the mean-field description of fermionic spinons
coupled to Z2 gauge fields [4].

Experimentally there has been a decades long ongoing
search for materials which exhibit spin liquid behavior. While
there is a long list of magnetic systems that does not order,
it is not so easy to prove that a given material is a genuine
spin liquid. Part of the problem is the effect of disorder which
can lead to local moment formation. This can drive the system
to a random singlet phase which does not exhibit long range
order, but does not qualify as a spin liquid because it does

2469-9950/2023/107(19)/195102(4)

195102-1

not exhibit emergent properties [5,6]. A promising approach
is to focus on examples which exhibit special properties which
are readily measurable. One recent example is «-RuCls, a
honeycomb structure which contains the Kitaev interaction
and may exhibit Majorana edge excitations in the presence of
a magnetic field. However, the experimental situation is still
evolving at this point in time [7].

Another system which has a well defined signature is the
case when the spinons form a Fermi surface. In this case
certain properties such as specific heat, spin susceptibility, and
thermal transport will behave like a metal. In this connection,
a class of materials that has been studied for 20 years is the
family of organic salts which form approximate triangular
lattice [2]. These systems are believed to be described by a
Mott-Hubbard model with a tunable hopping parameter. Two
examples, called the ET and dmit salts as shorthand notation,
are believed to be in close proximity to the insulator side of
the Mott transition where a spin liquid state may be expected
[8,9]. Experiments show a linear-in-T specific heat which for
many years has been taken as a signature of a spin liquid
with spinon Fermi surface. In the case of dmit the thermal
conductivity is also linear in T as expected for a neutral Fermi
sea, but these data have been challenged [10,11]. On the other
hand, ET shows gaplike behavior in the thermal conductivity
and a recent electron spin resonance experiment shows con-
clusively that this system has a spin gap of about 15 K [12].
Intriguingly this system is known to have a phase transition at
6 K, and a spin gap appears to develop below this transition.
We will return to this point later. We also mention that there
have been recent data in monolayer 1T-TaSe, which have been
interpreted in terms of a spinon Fermi surface [13]. Another
system that has been interpreted as hosting a spinon Fermi
surface that undergoes a transition to a gapped spin liquid is
the distorted kagome system ZnCu3(OH)gSO4 [14,15].

While there have been claims and counterclaims con-
cerning spinon sightings, up to now there have been no
experimental signs of the emergent gauge field at all. There
have been a few proposals to search for gauge fields. In the
case of spinon Fermi surface, the gauge field is expected to
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be U(1), but overdamped due to coupling to spinons. One
proposal is to use an external magnetic field to generate a
gauge magnetic field and search for quantum oscillations in
the spinon response [9]. A related proposal is to search for
thermal Hall conductivity as a response to the gauge magnetic
field [16]. In certain special cases, it has been suggested that
gauge field excitations may be seen in neutron scattering [17].
Unfortunately, to the extent that experimental searches have
been attempted, there have not been any successful report so
far.

Yet another idea is to monitor the fate of the U(1) gauge
field in a system which undergoes a phase transition from
a U(1) to a Z2 spin liquid. Within the parton construction,
in order for this phase transition to occur without unit cell
doubling, the natural way to describe such a transition is by
spinon pairing. Just as in conventional superconductors, the
gauge field is gapped by the Higgs mechanism, a Meissner
state is formed, and the gauge degree of freedom is broken
from U(1) to Z2. In clean superconductors, the onset of the
Meissner effect causes a dramatic drop (called the “rapid fall””)
in the transverse sound attenuation just below 7, [18]. This
is because transverse sound couples to electromagnetic field,
which is rapidly screened by the onset of superfluid density. It
was shown that even though the spinons are charge neutral,
they couple to sound waves in the same way as electrons,
and a similar phenomenon of “rapid fall” is predicted to occur
if a spinon Fermi surface undergoes a transition to a gapped
72 spin liquid [19]. The ET system with the 6 K transition
mentioned above is a prime candidate to search for this phe-
nomenon. Needless to say, the detection of the Meissner effect
associated with the gauge field would constitute a defini-
tive signature. Unfortunately, transverse sound experiments
require a relatively thick crystal, and this experiment has not
been attempted up to now, to our knowledge.

The goal of this paper is to propose yet another path to
measure the onset of Meissner effect of the emergent gauge
field. We are inspired by the recent advances in using nitrogen-
vacancy (NV) centers in diamond as a highly sensitive tools
to detect magnetic fluctuations a short distance outside the
sample. Proposals have been made to detect the magnetic
field fluctuations generated by transverse current fluctuations
in metals [20,21] and in superconductors [22], and such
fluctuations have been successfully detected in metals [23].
Proposals have also been made to detect the magnetic fluctu-
ations outside a spin liquid. There are two mechanisms. The
spins in the sample has a dipolar coupling with the effective
spin of the NV center. However, this coupling is weak and
the signal very small [24]. A second path is to consider a
spin liquid with a spinon Fermi surface. It was recently shown
that the fluctuations in the spinon current density will generate
magnetic fluctuations just like a metal, albeit with a reduction
factor [25]. This reduction factor depends on the diamagnetic
susceptibility of the spinon. In this paper we extend this
work to the onset of spinon pairing. We show that the spinon
Meissner effect gives rise to a rapid fall of the relaxation rate
of the NV center. The rate falls within a very narrow region
of temperature just below T, giving a detectable signal in
a realistic system. In contrast, this rapid fall does not occur
in the usual metal to superconductor transition. In that case,

the relaxation rate decreases gradually due to the continuous
opening of the gap [22].

II. RELAXATION OF THE NV CENTER DUE TO
TRANSVERSE CONDUCTIVITY

Current fluctuations in a metal generate a magnetic field
at the NV center located at a distance zo above the metal
surface due to the Biot-Savart law. The current fluctuation is
proportional to the imaginary part of the transverse conductiv-
ity o (¢, ). Therefore the quasistatic transverse conductivity
can be probed by measuring the 7] time of a single spin
(NV center) placed above the sample [20,21,23,26]. 1/T;
is proportional to the imaginary part of the magnetic field
autocorrelation function (magnetic noise) at the NV center
location, Im x 3, (z, ), and at the frequency w given by
the energy splitting of the NV center [20,27]. We quote the
following formula [20,27]:
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For a circular Fermi surface of a two-dimensional layer, we
have

I
Imyp.p.(z, w) = é / gdge ™ Re o (q, ®). (2)

The factor exp(—2¢gz) indicates that we are probing mainly
g of order 1/2z. In a clean metal, Re o (¢, w) = (€?/h)pr/q
describes Landau damping due to particle hole excitations.
Putting this into Eq. (2), we find
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where pr is the Fermi momentum and we can take § = 1/2.

III. SPINON FERMI SURFACE

In a recent paper Khoo et al. [25] showed that a similar
relaxation rate occurs if the metal is replaced by a quantum
spin liquid with a spinon Fermi surface. The difference is that
Eq. (3) is now now multiplied by a reduction factor Fy:

2
Xe
= <—> . “4)
Xs + Xa+ Xec

The physics behind this factor is the following. Even
though the spinons are charge neutral, they couple to an
emergent gauge field a which in turn is coupled linearly to
the physical electromagnetic gauge field A. This is because
in order to enforce the constraint of no double occupation,
the spinon current must be balanced by a chargon current
which does carry physical charge. This phenomenon results
in the Toffe-Larkin rule [28], and the factor o = —- +; 5 can
be viewed as the ratio of the physical current to the spinon
current. Since the conductivity involves two factors of current,
the correction Fp to conductivity and 1/7; appears as the
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square of this ratio. In deriving these results we assume the
following form for the spinon transverse conductivity:

2 2

o q.w0) > =4y 5)
1w

In Eq. (5) the first term is due to particle-hole excita-
tion near the Fermi sea. It is valid for g > 1/l where
Imfp 1s the mean free path due to disorder scattering. Hence
the ¢ integral in Eq. (2) should be cut off by 1/lup. In
the second term, x, is the Landau diamagnetic susceptibil-
ity. For a nonrelativistic parabolic dispersion for the spinons
one obtains x; = g;/(24mwmy) which is the standard Landau
diamagnetic constant with gy = 2 accounting for the spin
degeneracy.

The chargon is gapped and, within a relativistic bo-
son model of the chargon dispersion, one obtains x. =
1/(247m,), where m. = A./v?, is the effective mass of
the chargons with a speed v, and a gap A., as shown in
Refs. [8,29]. Note that we will be interested in spin liquids
that are stabilized by being proximate to that Mott transition
[8,9] where A, is small and x. is large. Finally x, is the
coefficient of the b* term in the effective Lagrangian for the
gauge field, where b is the gauge magnetic field. It comes from
integrating out energy on the upper cutoff scale. This term was
not in the loffe-Larkin formula but was introduced in [25] as
an extension of loffe-Larkin. For our problem it is expected to
be small compared with x., which is enhanced by the small
gap A., and can be ignored. If yx. also dominates over x;
the reduction factor F' can be close to unity. This predicts
metalliclike contributions to 1/7; in an insulator and can be
considered a signature of spinon Fermi surface if observed.
The order of magnitude of the resulting 1/7; was estimated
in [25].

IV. RAPID FALL OF THE RELAXATION RATE BELOW
THE SPINON PAIRING TRANSITION

We now turn our attention to the case when the spinon
Fermi surface undergoes a pairing transition. In the case of
a full pairing gap, this is the route to go from U(1) to Z2 spin
liquid within the gauge theory approach. First we mention that
the case of conventional metals undergoing a superconducting
transition has been treated [22]. In that case only the real part
of o), which represents dissipation, enters the expression to
1/T;. This corresponds to the first term in Eq. (5), representing
particle-hole excitations which become gapped in the super-
conductor. Since superconductivity is a continuous transition,
the gap opening affects 1/7 very gradually just below T..
The Meissner effect is reflected by a strong enhancement
of x, in the second term in Eq. (5), but, since it is purely
imaginary, it does not affect 1/7; in the superconductor. The
spinon pairing case has an important difference. In this case
the diamagnetic susceptibility x, in the second term in Eq. (5)
enters via the factor Fy. Instead of Landau diamagnetism,
the Meissner effect of the gauge field sets in. In a two-fluid
model, just below T, we replace x;q*> by xsq*> + ps(T)/m
where p; is the spinon superfluid density which takes the form
ps(T) = po(T. — T)/T. in mean field theory. Here py = 1/a>
is the spinon density and a” is the unit cell area. We will
be interested in temperatures very close to and just below T

because we will see that the “rapid fall” of 1/7] happens there.
Hence the real part of Eq. (5) is assumed to stay the same as
in the metal and we ignore the small change in the normal
density in the two fluid model. The important change is in
the second term in Eq. (5). Since ¢ &~ 1/2z is small on the
atomic scale, the replacement of )(qu by qu2 + ps(T)/my
has a dramatic effect on the factor F which changes rapidly
immediately below T;. It is given by

(I +nE/a)XT —T)/T.)?

where o = x./(xc + xo + xs) as defined earlier and y; =
4o /(mgx.). As discussed earlier we expect x. to dominate
X0, SO « is close to unity. The parameter y; is not so well
known, but may be of order unity in practice. Combining
Egs. (1), (3), and (6) and taking the limit 7 > w, we find for a
single layer

(6)

F

Up € 1ugpr
h 8mh

Note that F} drops rapidly below 7. It drops to 1/4 of the
value above 7. when (T, — T)/T, = (a/z)*/y:. With increas-
ing z the value of 1/T; decreases while the width below the
transition rapidly decreases as (a/z). This is the phenomenon
of “rapid fall” and has its origin in the Meissner effect of the
emergent gauge field.

The T; time for a single layer of the organic spin liquid
candidate was estimated in the spinon Fermi surface state [25]
and found to be of order 100 ms at 10 K and at a distance of
1 nm. This makes detection difficult. The situation improves
if we consider a stack of multilayers with layer spacing d, as
in the case for a single crystal, and place the NV center at a
distance zo above the surface. We can sum over contributions
from the top N layers, where N is set to Iy /d to reflect
the cutoff due to disorder. Assuming zp > d and under the
condition zp < Imgp, We can replace the sum with an integral,

/T = (T/2)F:. @)

T, Ty |

L

-0.20 -0.15 -0.10 -0.0

RRTeE N

FIG. 1. The relaxation rate 1/7; for a NV center placed at a
distance z above a crystal consisting of layers that are separated by a
distance d. Plots are shown for several values of zy/d. Note the rapid
fall of the signal below the onset of spinon pairing, with a width
which decreases as (d/z)?. The vertical scale is measured in units of
Iy, which is 1/7; for a single layer without pairing at a distance d,
and y is a number of order unity (see text). The scattering mean free
path mfp is set to be 20d.
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resulting in

Imtp/d 1
1/T; =T d s 8
/Ti=To /W TN A Sy Y

where y = y1(d/a)? is a number of order unity and the overall
factor T'y is defined as 1/7; for a single layer at a distance
d just above T, as given by Eq. (7). Note that I'y o< T'/z;
its absolute value can easily be obtained using the estimate
in Ref. [25] which was made for 7T = 10K and z = 1 nm.
The indefinite integral in Eq. (8), [ dx 1/[x(1 + ax*)*], can be
evaluated to give Inx + [1/(1 4+ ax®) — In(1 + ax*) — 1]/2.
Examples for I, /d = 20 and several values of z/d are plot-
ted in Fig. 1. Note that the multilayer case has the advantage
that the size of the signal decreases slowly (logarithmically)
with increasing zo (as opposed to 1/z for a single layer),
making its detection more feasible for realistic zy, which is
often of order 10 nm. The important point is that the width is
very narrow below 7, and scales as (d/zo)>. This rapid fall

phenomenon is the signature of the Meissner effect of the
gauge field.

V. CONCLUSION

We have shown that the onset of spinon pairing in a U(1)
spin liquid leads to a sudden drop in the relaxation rate 1/T;
of a NV center. This drop results from the Meissner effect
of the emergent gauge field. Its detection will be a strong
confirmation of the notion of emergent spinons and gauge
fields. We identify the organic ET compound as a promising
candidate where this effect may be measurable.
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