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ABSTRACT

Magnetic field noise from magnons can reduce the lifetimes of proximate spins and degrade the performance of spin based technologies.
However, spatial and temporal averaging over the area of typical field sensors makes measuring magnetic field noise challenging. Here, we
use an ensemble of nitrogen-vacancy (NV) point-defects in diamond to measure the spectral profile of thermally excited spinwave noise at
room temperature as a function of the distance away from a 20 nm thick Permalloy (Py) thin film. We systematically vary the separation
between the NV and Py layers using a silicon-dioxide wedge and measure the longitudinal relaxation rate of the NV center ms¼ 0 state as a
function of the separation. The measured spinwave-induced relaxation of an ensemble of NV centers is well described by a magnetostatic
model of dipole fields from the spinwaves. We furthermore find that our all-optical, nonperturbative measurements of the spinwave noise
can be used to extract information about the ferromagnetic source, such as magnetization, damping, and fluctuating amplitude. This
technique is amenable to application with stand-off from ferromagnetic elements and from buried structures.
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Thermal magnetic field noise can limit the performance of mag-
netic storage and logic technologies at the highest densities where indi-
vidual bits are closely spaced. The spectrum and intensity of spin and
charge noise from neighboring conducting, magnetic elements deter-
mine the design and placement of components.1,2 An important capa-
bility for applications that require low magnetic field noise will be to
measure the magnetic field noise intensity as a function of the distance
away from each device component.

The negatively charged nitrogen-vacancy (NV) center in dia-
mond has excellent sensitivity to fluctuating magnetic fields at room
temperature and with high spatial resolution. The sensitivity can be
further enhanced using an ensemble of spins by a scaling

ffiffiffiffi

N
p

, where
N is the number of NV spins. Because the NV center spin transition
frequencies lie in the gigahertz regime, within the same band occupied
by typical magnetic noise sources based on spinwaves, NV centers are
well suited to studying thermal magnetic noise originating from the
ferromagnetic material.3–9

Here, we measure the relaxation rate of NV centers in diamond
proximate to thermally excited, incoherent spinwaves in a Ni80Fe20

Permalloy (Py) thin film as a function of the separation from the film.
A SiO2 wedge separates a layer of implanted NV centers from the Py
film, and by measuring the NV center spin lifetimes at different posi-
tions along the wedge, we are able to measure the noise of Py spin-
waves as a function of NV-Py separation. We observe that the strength
of fluctuating fields, as measured via monitoring the NV center spin
relaxation rates, decreases monotonically with increasing separation,
consistent with theoretical models.4,7 Tuning the magnetic field
strength controls the spectral overlap between NV center spin transi-
tion energies and the spectrum of ferromagnetic spinwaves, resulting
in faster NV center spin relaxation rates when there is greater spectral
overlap and NV center spin relaxation rates approaching the intrinsic
kHz rates for minimal spectral overlap. We model the NV center spin
relaxation rate as a function of the magnetic field and as a function
of the NV-Py separation and find that the model agrees with the
measured NV spin relaxation rates up to an overall scaling factor.

Combining the sensitivity of NV centers with thermal excitation
of ferromagnetic spinwaves results in a measurement scheme that is
noninvasive, in that the NV centers are passive sensors, and
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nonperturbative, in that the ferromagnetic dynamics are not driven.
We thus demonstrate a quantitative technique for measuring magnon
dynamics in large Ms, metallic thin films relevant to information
technology.

The separation between the NV and Py layers was controlled by a
SiO2 wedge patterned on the diamond surface as shown in Fig. 1(a).
The NV centers were created by implanting an electronic-grade dia-
mond with 50ppm nitrogen ions (14Nþ) 50nm below the diamond
surface. The sample was subsequently annealed at 800 �C for 2h and
cleaned in an acid reflux bath of sulfuric acid and nitric acid for 3h at
95 �C. To deposit the wedge, the diamond was placed beneath a
shadow mask,10 a 150lm-thick glass cover slide fixed 300lm above
the diamond surface such that the edge of the mask was centered along
one edge of the diamond chip. 500 nm of SiO2 was RF sputtered at
300W in a 1mT Ar environment, resulting in a 0.2 Å/s deposition
rate. The 20nm Py film was deposited directly on the SiO2 wedge. This
Py layer was capped with Ti(5 nm)/SiO2 (150nm) to electrically isolate
Py from the microwave (MW) strip line. The patterned microwave
strip line tapers to a 20lm� 400lm constriction and 350nm thick in
total: Ti(5 nm)/Cu(335nm)/Au(10nm). The wedge profile [Fig. 1(b)]
was obtained from AFM scans along a hard edge. The boxed region in
(b) corresponds to the 400lm-long constriction in the MW antenna,
shown in an optical image of the sample [Fig. 1(c)]. The total NV-Py
separation, d, is given by the wedge height at a particular point along
the strip line plus the 506 10nm NV implantation depth.

Field noise at the resonant frequency of the NV center spin tran-
sitions reduces its spin lifetime, which can be measured using a T1
detection sequence. The NV center is initialized by illuminating the
centers with 532nm light that cyclically polarizes the spins into the
ms¼ 0 state. A reference gate (“Ref.”) collects fluorescence at the end
of the polarization pulse and serves as a reference that will normalize
the fluorescence collected during a subsequent signal (“Sig.”) gate.

Turning the laser off for time ss allows the NV center spin to interact
with resonant fluctuating fields from phonons and proximate ferro-
magnetic magnons. These cause NV center spin transitions between
thems¼ 0 and61 spin states and hence relax the NV spin. The decay
in fluorescence intensity, measured during a signal detection gate,
measures the decay in thems¼ 0 spin state during ss. Because this pro-
tocol does not require resonant drive of the NV center spin transitions,
the NV center spin transitions can be tuned through ferromagnetic
resonance (FMR) without perturbing the underlying ferromagnetic
dynamics. A timing diagram is presented as an inset to Fig. 2(a).
Scanning ss reveals an exponentially decreasing normalized fluores-
cence NSig=NRef , where N is the number of photons counted during
each gate. The decay constant C1 measures the NV center spin relaxa-
tion rate.

In Fig. 2(a), the NV center spin relaxation rate C1 is plotted as a
function of the applied magnetic field for several NV-Py separations,
d. The applied magnetic field is aligned to the NV1 axis as shown in
the inset to Fig. 1(a) and changes the magnetic resonance conditions
of the NV centers and the ferromagnet, as shown in Fig. 2(b). The
transition frequency of NV centers is governed by Zeeman splitting
between theþ 1 and –1 spin states and by a zero-field splitting
(2.87GHz) between the ms¼ 0 and ms ¼ 61 spin states in the elec-
tronic ground state. For Py thin films with magnetization oriented in-
plane, spinwaves occur at frequencies greater than the FMR frequency.
Thus, at fields greater than 30mT, when the NV resonances are lower
than Py FMR, there is less spectral overlap with k 6¼ 0 spinwaves.
Without noise at NV transition frequencies, the NV center spin

FIG. 1. Sample schematic. (a) A sputtered SiO2 wedge separates a 20 nm film of
Py and an implanted layer of NV centers 50 nm beneath the diamond surface. A
tapered strip line is used to apply microwave fields in order to measure the mag-
netic field strength by monitoring the NV resonance line splitting. (b) Wedge profile
with the boxed region corresponding to the stripline constriction. (c) Optical image
of the sample with the 400lm long constriction. The color variation appears due to
thin-film interference in the SiO2 layer.

FIG. 2. Spin lifetime measurements of the NV center in the presence of a ferromag-
net. (a) C1 as a function of the magnetic field for NV centers at different distances,
d, from the Py film. Solid lines are the results of a fit by hand for Ms, a, C0, and C.
(b) Resonance dispersions for the ferromagnetic resonance (FMR) and NV transi-
tions. (c) Scaling the data in (a) with respect to the NV spin relaxation rate at the
lowest field. Colors and symbols correspond to those in (a). (d) Calculation results
for NV spin relaxation rates as a function of the applied field for NV centers at differ-
ent orientations [given in the inset of Fig. 1(a)] for d¼ 150 nm and 430 nm.
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relaxation rates return to their intrinsic kilohertz values. Data collected
for NV centers at 150 nm of SiO2 and in the absence of Py are also pre-
sented in Fig. 2(a), demonstrating that the field-dependent spin relaxa-
tion rates are dominated by the effect of the ferromagnetic film.

As the separation, d, between the NV center layer and the Py
layer increases, the dipole field strength from spinwaves decreases and
the NV response weakens. This can be seen in Fig. 2(a) in which the
relaxation rate for NV centers nearest the Py film is 45 kHz, while it is
6 kHz for NV centers farthest from the Py film. The monotonic
decrease in coupling strength as a function of separation d is described
by a filter function ke�2kd , where the resonant spinwave has wavevec-
tor k.4,7 The k-dependence of this filter function becomes clear when
one realizes that the k¼ 0 uniform mode does not produce stray mag-
netic fields, resulting in no NV spin relaxation. However, for spin-
waves with k � 1=d, the dipole fields associated with the spinwaves
average out and have negligible effects on the NV spin relaxation rate.
The coupling strength is therefore nonmonotonic in k; however, the
spinwave field strength decreases monotonically with separation, d, as
observed for a given applied field in Fig. 2(a).

Figure 2(c) shows that the NV spin relaxation rates in Fig. 2(a)
due to spinwaves in Py can be scaled with respect to one another and
made to overlap at low fields (scaling factors are noted in the legend).
Similar field dependences of the scaled data at different separations are
due to the large magnetization in Py (�1T). As the magnetization
increases, a broader range of k-vectors are degenerate so that spinwave
noise that relaxes the NV centers originates from a broad range of
spinwave k-vectors. For ferromagnets with smaller magnetization,
such as yttrium-iron garnet (YIG), only a narrow range of k-vectors
match the spin resonance frequencies of the NV centers, such that a
magnetic field dependence for one NV-ferromagnet separation is suffi-
cient to determine the NV-ferromagnet separation. However, for the
large Ms Py film used here, we find that it is necessary to simulta-
neously fit several separations in order to determine the best model
parameters for the Py film.

NV center spins relax when coupled to dipole fields that fluctuate
at frequencies resonant with NV center spin transitions and that have
field projections transverse to the NV spin quantization axis. Here, we
present a calculation of the strength and orientation of the time depen-
dent dipole fields generated by spinwaves. The solid lines in Fig. 2(a)
are the average of modeled NV spin relaxation rates for all NV center
bond directions [shown for 150nm and 430nm in Fig. 2(d)], taken as
representative of the measured NV relaxation rate due to the relative
strength of the spinwave-induced relaxation over the intrinsic NV cen-
ter spin relaxation [Fig. 2(a)] and due to the similarities in these calcu-
lated rates for a given d [Fig. 2(d)]. To find the best fit, model values
are varied between 7 �105 A/m and 9 �105 A/m for Ms and between
0.005 and 0.02 for damping parameter a. The intrinsic NV spin relaxa-
tion rate C0 and an overall scaling factor C are then modified to
find the best fit to the data for all separations and magnetic fields
simultaneously. We find that the data are best described by Ms ¼ 8
�105 A/m, a ¼ 0:015; C0 ¼ 0, and C ¼ 81610. The magnetization
and damping match well with literature values, though the damping is
greater than the usual value of 0.01. The scaling factor C indicates that
the model underestimates the measured field noise by a factor of 81, a
discrepancy that may arise from our having neglected the effect of pin-
ning sites and film inhomogeneities, and the assumption that each
magnon contributes one Bohr magneton lB.

11

An NV center in a single-crystal diamond will be oriented along
one of four bond directions and, in general, have one of eight different
ms¼ 0 relaxation rates, two per bond orientation. In our sample
geometry, we have three distinct NV spin relaxation rates, shown in
Fig. 2(d) for d¼ 150nm and 430nm. Given the similarity in these
rates for a given field strength and d, the NV fluorescence decay as a
function of ss is fit with a single exponential time-constant, C1, which
we model as the average of the rates calculated for the four NV center
bond orientations.

Following the formalisms presented in previous work,4,7 the NV
center spin relaxation rate for an NV center spin transition is

C1ðdÞ ¼ C0 þ
X

6

ð

Dðx6; kÞFðk; dÞdk; (1)

where x6 is the frequency of an NV center spin resonance. Dðx6; kÞ
is the spectral overlap between spinwave k and x6; Fðk; dÞ is the
dipole coupling strength between thermally excited spinwaves and
NV-center spins, and C0 is the intrinsic NV spin relaxation rate.

Frequency matching Dðx6; kÞ is determined by the spectral
overlap between NV transition frequencies (x6) and spinwave disper-
sions xkðkÞ.12 The overlap is given by a Lorentzian function with

maximum at xk ¼ x6 and is given by 1
p

axk

ðaxkÞ2þðx6�xkÞ2
. We find that

the data are best fit with a spinwave damping of a ¼ 0:015.
The stray magnetic field strength and orientation from spinwaves

are calculated using a magnetostatic model that treats spinwaves as
fluctuating distributions of effective magnetic charge densities,13

q ¼ r �mk , wheremk is the fluctuating component of the magnetiza-
tion, assumed here to be in-plane and transverse to the equilibrium
magnetization. Thus, for spinwaves propagating parallel to the equilib-
rium magnetization direction, q � 0, and the stray dipole-field
strength is effectively zero. For spinwaves propagating perpendicular
to the equilibrium magnetization direction, q 6¼ 0, and the stray
dipole-field strength is nonzero. The spatial variation of spinwave
moments is given by

MðrÞ ¼ M0 þ R
k
mkðzÞ eik�r � t=2 � z � t=2; (2a)

MðrÞ ¼ 0 jzj > t=2; (2b)

where t is the film thickness centered about z¼ 0. The solution for the
magnetostatic potential,UkðzÞ, determines hk ¼ �rUkðzÞ, the dipole
fields above the ferromagnetic film. Spin relaxation is sensitive to
squared projections of these dipole fields onto planes transverse to NV
center spin quantization axes (quantization axes are assumed to be the
NV center bond axis for the low fields used in this work). For NV1 and
NV2, as defined in Fig. 1,

Fðk; dÞ ¼ c2l20m
2
y

sin2ð2/kÞ
4

cos2ðhNV Þ þ sin4ð/kÞ
�

þsin2ð/kÞ sin2ðhNVÞ
�

1

4
e�2kdð1� e�ktÞ2

� �

: (3)

For NV3 and NV4,

Fðk; dÞ ¼ c2l20m
2
y

sin2ð2/kÞ
4

þ sin4ð/kÞ cos2ðhNV Þ
�

þsin2ð/kÞ sin2ðhNVÞ
�

1

4
e�2kdð1� e�ktÞ2

� �

: (4)
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The relationship between the number of spinwaves, Nx;k, and the
transverse magnetization can be estimated from the following expres-
sion for the change in the Py longitudinal magnetization,Mx, from the
ground-state magnetizationM0 ¼ Ms:

M2
x ¼ M2

0 � ðm2
y þm2

zÞ; (5a)

Mx ¼ M0 �
m2

y

2M0
; (5b)

where we assume thatmy 	 M0 andmz, the out-of-plane component
of fluctuating magnetization, is approximately zero. Since each spin-
wave reduces the total magnetization by one quantum, Nx;k spinwaves
will reduce the magnetization by

Nx;k

V
gLlB, for Land�e g-factor gL¼ 2.

Thus, the change in magnetization is

Mx ¼ M0 �
Nx;k

V
gLlB: (6)

We can then make the approximation thatm2
y ¼ 2Ms

Nx;k

V
gLlB.

The number of thermally excited spinwaves Nx;k is estimated by
assuming occupancy according to the Rayleigh–Jeans distribution,7
kBT
�hx
, and the 2D density of states in k-space (A=4p2, for sample area A)

for spinwaves with in-plane wavevectors. Finally, the quantity m2
y can

be expressed quantitatively in terms of sample properties as

m2
y ¼

2MsgLlB
V

A

4p2
kBT

�hxk
; (7)

where the factor A/V is given by 1=t, for film thickness t¼ 20nm.
The combined integrand Dðx6; kÞFðk; dÞ for all four NV cen-

ter bond orientations and spin transitions is presented in Fig. 3 in k-
space. As expected, the strength of the coupling is the strongest where

the NV center spin resonances overlap with spinwaves. Due to the /k

dependence of dipole fields from spinwaves, the coupling is zero for
k k M0 or /k ¼ 0.

We demonstrate that NV centers provide room-temperature sen-
sitivity to thermally excited field fluctuations from ferromagnetic
structures. This sensitivity points to several applications including
sensing field noise from device components, measuring spinwave exci-
tations that cannot be directly probed using inductive techniques
(such as symmetric localized modes in confined structures) and mea-
suring ferromagnetic properties in hybrid systems where ferromagnets
may be screened frommicrowave drive fields.

The noninvasive, nonperturbative approach demonstrated in this
work provides an attractive method for sensing spinwaves, which ena-
bles a measure of Ms, linewidth, and strength of fluctuating magnetiza-
tion. Determining these parameters from the NV spin relaxation rates
requires a separation dependence for large Ms ferromagnets, which
can be implemented with recently developed NV-based scan probes.
By increasing the precision of measured NV center spin relaxation
rates or by probing noise with one NV orientation, a similar experi-
ment could potentially measure the ellipticity of spinwave precession,
an important quantity for spin-transport based devices.14
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FIG. 3. Coupling parameter Dðk;x6ÞFðk; dÞ between different NV resonances
(black horizontal lines) and an individual spinwave for different values of k and /k
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condition shown in Fig. 2(b)].
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