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Understanding electron transport, dissipation, and 
fluctuations at sub-micron length scales is critical for the 
continued miniaturization of electronic (1, 2) and optical 
devices (3–5), as well as atom and ion traps (6–10), and for 
the electrical control of solid-state quantum circuits (11). 
While it is well known that electronic transport in small 
samples defies the conventional wisdom associated with 
macroscopic devices, resistance-free transport is difficult to 
observe directly. Most of the measurements demonstrating 
these effects make use of ohmic contacts attached to sub-
micron scale samples and observe quantized but finite 
resistance corresponding to the voltage drop at the contact 
of such a system with a macroscopic conductor (12, 13). 
Techniques for non-invasive probing of electron transport 
are now actively explored (14, 15) because they can provide 
insights into electronic dynamics at small length scales. Our 
approach makes use of the electromagnetic fluctuations 
associated with Johnson noise close to a conducting surface, 
which can be directly linked to the dielectric function at 
similar length scales, providing a non-invasive probe of 
electronic transport inside the metal. Measurements of 

these fluctuations at micron 
length scales utilizing cold, 
trapped atoms showed excellent 
agreement with predictions 
based on diffusive electron 
motion (7–9), while millimeter 
length scale measurements 
utilizing superconducting 
quantum interference devices 
(SQUIDs) have been 
demonstrated for use as an 
accurate, contact free 
thermometer (16). 

Our approach makes use of 
the electronic spin associated 
with nitrogen-vacancy defect 
centers in diamond (NVs) to 
study the spectral, spatial, and 
temperature dependence of 
Johnson noise emanating from 
conductors. The magnetic John-
son noise results in a reduction 
of the spin lifetime of individual 
NV electronic spins, thereby al-
lowing us to probe the intrinsic 
properties of the conductor non-
invasively over a wide range of 
parameters. Individual, optically 
resolvable, NV centers are im-
planted ∼15 nm below the sur-
face of a ∼30-μm thick diamond 
sample. A silver film is then de-
posited or positioned on the di-
amond surface (Fig. 1A). The 

spin sublevels   0ms=  and   1ms=±  of the NV electronic 

ground state exhibit a zero-field splitting of 2   2.88 ∆ = π×
GHz (17–20). The relaxation rates between the 0  and 1±  

states provide a sensitive probe of the magnetic field noise 
at the transition frequencies || Δ 2 Bg Bω = ± µ , where ||B  is the 

magnetic field along the NV axis (21, 22) (Fig. 1B). 
The impact of Johnson noise emanating from a polycrys-

talline silver film deposited on the diamond surface (Fig. 1C) 
is evident when comparing the relaxation of a single NV 
spin below the silver (red circles) to the relaxation of the 
same NV prior to film deposition and after removal of the 
silver (open blue squares and triangles, respectively). At 
room temperature and in the absence of external noise, the 
spin lifetime is limited by phonon-induced relaxation to 

ph
1   4T ≈  ms. With the silver nearby, the lifetime of the   0ms=  

state is reduced to 1 1 65T =  μs, which we attribute to mag-

netic Johnson noise emanating from the film. To verify that 
the enhanced relaxation is due to magnetic noise, we com-
pare the lifetime of the |0⟩ state, which has magnetic dipole 
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the electron mean free path. Our results are consistent with a generalized 
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allowed transitions to both of the 1±  states, to that of the 

1−  state, which can only decay directly to the 0  state (Fig. 

1D). As expected for relaxation induced by magnetic noise, 

the 1−  state has approximately twice the lifetime of the 0  

state (23). This is in contrast to the observed lifetimes when 
limited by phonon-induced relaxation (Inset, Fig. 1D), where 

the 0  and 1±  states have almost identical lifetimes (24). In 

what follows we define 1T  as the lifetime of the   0ms=  

state. 
To test the scaling of Johnson noise with distance (d) to 

the metal, we deposit a layer of SiO2 on the diamond surface 
with a gradually increasing thickness (Fig. 2A). We charac-
terize the thickness of the SiO2 layer as a function of posi-
tion on the sample (Inset, Fig. 2B), and deposit a 60-nm 
polycrystalline silver film on top of the SiO2. The conductivi-
ty of the silver film is measured to be 2.9×107 S/m at room 
temperature. By measuring the relaxation rates 1Γ  1  /T=  of 

individual NVs at different positions along the SiO2 ramp we 
extract the distance dependence of the noise (Fig. 2B), with 
the uncertainty in the distance dominated by the variation 
in the implanted depth of the NVs (taken to be 15 10±  nm). 
To ensure that the measured rates are Johnson noise lim-
ited, we measure the spin relaxation of 5-10 randomly se-
lected NVs per location along the ramp, and plot the 
minimum observed rate at each location (23). As expected 
(7–9), the magnitude of the noise increases as the NVs ap-
proach the silver surface. 

To investigate the dependence of the noise on tempera-
ture and conductivity, we deposit a 100-nm polycrystalline 
silver film on a diamond sample and measure the 1T  of a 

single NV beneath the silver over a range of temperatures 
(∼10-295 K). The measured relaxation rate for a single NV 
near the silver increases with temperature (red circles in 
Fig. 3A), as expected for thermal noise, but the scaling is 
clearly non-linear. This can be understood by recognizing 
that the conductivity of the silver film is also a function of 
temperature, and that the magnitude of the thermal cur-
rents in the silver depend on the conductivity. To account 
for this effect, a four point resistance measurement of the 
silver film is performed to determine the temperature de-
pendence of the bulk conductivity of the silver film (Fig. 3B). 

To analyze the dependence of the NV spin relaxation rate 
on distance, temperature, and conductivity, the model of ref. 
(6) is used, in which an electronic spin-1/2 qubit with Lar-
mor frequency Lω  is positioned at a distance d from the 

surface of a metal. For silver at room temperature the skin 
depth at Lω  is  1δ≈  μm; consequently when  100d <  nm we 

are in the “quasi-static” limit   d δ . The thermal limit 
 B Lk T ω   is valid for all temperatures in this work. In this 

regime the magnetic noise spectral density perpendicular to 
the silver surface is given by 

 
2
0  

 
16

z B
B

k TS
d

µ σ
=

π
, (1) 

where σ  is the temperature-dependent conductivity of the 
metal as defined by the Drude model. This scaling can be 
intuitively understood by considering the magnetic field 
generated by a single thermal electron in the metal at the 

NV position, 0
0 2 

4
thev

B
d

µ
=

π
, where the thermal velocity 

/th B ev k T m∝ , em  is the effective mass of electrons in sil-

ver and e  is the electron charge. In the limit   d δ  screen-
ing can be safely ignored, and the NV experiences the 
magnetic field spectrum arising from N independent elec-

trons in a volume V, 
2

0B cS Vn B∝ τ , where n  is the elec-

tron density and cτ  is the correlation time of the noise, 
given by the average time between electron scattering 
events, /c Fl vτ = , where l  is the electron mean free path 

and Fv  is the Fermi velocity. Recognizing that the NV is 

sensitive to the motion of electrons within a sensing volume 
3V d∝ , we arrive at the scaling given by Eq. 1, with 
2

c

e

ne
m
τ

σ = . Applying Fermi’s golden rule and accounting for 

the orientation and spin-1 of the NV yields the relaxation 

rate for the   0ms=  state 
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where   2g ≈  is the electron g-factor, Bµ  is the Bohr magne-

ton, and   54.7θ≈   is the angle of the NV dipole relative to 
the surface normal vector (23). In Fig. 2B the inverse scaling 
with distance d predicted by Eq. 1 is clearly evident for NVs 
very close to the silver. At distances comparable to the silver 
film thickness Eq. 1 is no longer valid, but we recover excel-
lent agreement with the no-free-parameters prediction of 
Eq. 2 by including a correction for the thickness of the silver 
film (red dashed line in Fig. 2B), which is measured inde-
pendently. The measured relaxation rates as a function of 
temperature are also in excellent agreement with the pre-
dictions of Eq. 2 (red dashed line in Fig. 3A), while the ex-
tracted distance of 31 1±  nm is consistent with the expected 
depth (23). 

Remarkably, very different results are obtained when we 
replace the polycrystalline film with single-crystal silver. For 
this experiment, a 1.5-μm thick single-crystal silver film 
grown by sputtering onto silicon (23, 25, 26) is placed in 
contact with the diamond surface. The measured conductiv-
ity of the single-crystal silver exhibits a much stronger tem-
perature dependence (blue line in Fig. 4A) as compared to 
that of the 100-nm thick polycrystalline film. Figure 4B pre-
sents the measured relaxation rate as a function of tempera-
ture for an NV in a region in direct contact with the single-
crystal silver (blue squares). The dashed blue line corre-
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sponds to the temperature dependent rate predicted by Eq. 
2, which strongly disagrees with the experimental results. 
Specifically, because the measured silver conductivity in-
creases faster than the temperature decreases in the range 
from room temperature down to 40 K, Eq. 2 predicts the 
relaxation rate should increase as the temperature drops, 
peaking at 40 K and then dropping linearly with tempera-
ture once the conductivity saturates. Instead, the 1T  of the 

NV consistently increases as the temperature drops, imply-
ing that at lower temperatures the silver produces consider-
ably less noise than expected from Eq. 2. We observe similar 
deviation from the prediction of Eq. 2 for all 23 NVs meas-
ured in the vicinity of the single-crystal silver (23). 

To analyze these observations, we note that the conven-
tional theoretical approach (6) resulting in Eq. 2 treats the 
motion of the electrons in the metal as entirely diffusive, 

using Ohm’s law, ( ), ( , )t t= σJ r E r , to associate the bulk 

conductivity of the metal with the magnitude of the thermal 
currents. While accurately describing the observed relaxa-
tion rates next to the polycrystalline material, where the 
resistivity of the film is dominated by electron scattering off 
of grain boundaries (Inset, Fig. 3B), this assumption is inva-
lid in the single-crystal silver film experiments, particularly 
at low temperatures. Here, the measured conductivity of the 
single-crystal film indicate that the mean free path  l  is 
greater than one micron, significantly exceeding the sensing 
region determined by the NV-metal separation, and thus the 
ballistic motion of the electrons must be accounted for. 
Qualitatively, the correlation time of the magnetic noise in 
this regime is determined by the ballistic time of flight of 
electrons through the relevant interaction region   / Fc d vτ ∼  

(Fig. 4C). This results in a saturation of the noise spectral 
density and the spin relaxation rate Γ  as either the NV ap-
proaches the silver surface or as the mean free path be-
comes longer at lower temperatures (23), with the ultimate 
limit to the noise spectrum given by: 

 
2 2
02 

 z B
B

e F

k T neS
m v

µ
=

π
.  (3) 

This regime of magnetic Johnson noise was recently ana-
lyzed theoretically (11) using the Lindhard form non-local 
dielectric function for the metal modified for finite electron 
scattering times (23, 27, 28). Comparison of this model (sol-
id line in Fig. 4B) to the data, with distance again as the 
only free parameter, yields excellent agreement for all 23 
measured NVs (23). Fig. 4D shows the measured 1T  times at 

103 K and 27 K for each NV as a function of extracted dis-
tance (blue triangles). Of the 23 NVs measured, 15 are in a 
region of the diamond sample in direct contact with the 
silver (23). Excellent agreement between the non-local mod-
el (solid lines) and the data is observed for all 23 NVs at all 
12 measured temperatures. Apparent in Fig. 4D is the satu-
ration of the relaxation rate as the NV approaches the silver 
surface, and as the mean free path becomes longer at lower 

temperatures (dashed black line), as predicted by Eq. 3. 
While ballistic electron motion in nanoscale structures 

has previously been studied and utilized (12, 13), our ap-
proach allows for non-invasive probing of this and related 
phenomena, and provides the possibility for studying 
mesoscopic physics in macroscopic samples. The combina-
tion of sensitivity and spatial resolution demonstrated here 
enables direct probing of current fluctuations in the proxim-
ity of individual impurities, with potential applications such 
as imaging of Kondo states and probing of novel two-
dimensional materials (29), where our technique may allow 
for the spatially resolved probing of edge states (12). Like-
wise, it could enable investigation of the origin of 1/ f  flux 

noise by probing magnetic fluctuations near superconduct-
ing Josephson circuits (30, 31). Finally, as Johnson noise 
presents an important limitation to the control of classical 
and quantum mechanical devices at small length scales (6–
10), the present results demonstrate that this limitation can 
be circumvented by operating below the length scale deter-
mined by the electron mean free path. 
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Fig. 1. Probing Johnson noise with single spin qubits. (A) The thermally induced 
motion of electrons in silver generates fluctuating magnetic fields ( B



), which are 
detected using the spin of a single NV. The NV is polarized and read out through the back 
side of the diamond. (B) The NV spin is polarized into the   0  ms= state using a green laser 

pulse. Spin relaxation into the   1ms=±  states is induced by magnetic field noise at ∼2.88 

GHz. After wait time τ the population left in 0  is read out by spin-dependent 

fluorescence. All measurements shown were performed at low magnetic fields (

|| /Bg B∆ µ  ). (C) Spin relaxation data for the same single shallow implant NV before 

silver deposition (open blue squares), with silver deposited (red circles), and after the 
silver has been removed (open blue triangles). (D) Spin relaxation for a single NV close to 
a silver film prepared in the   0ms=  state (red circles), and in the   1ms=−  state (open 

orange circles). (Inset) Spin relaxation for a single native NV in bulk diamond in the 
  0ms=  state (blue circles), and in the   1ms=−  state (open light blue circles). 
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Fig. 2. Distance dependence of 
NV relaxation close to silver. 
(A) A gradual SiO2 ramp (slope 
of ∼.2 nm/micron) is grown on 
the diamond surface, followed 
by a 60 nm silver (Ag) film. (B) 
The NV relaxation rate is 
measured as a function of 
position along the ramp, which is 
then converted to distance to 
the film. At each point 5-10 NV 
centers are measured, and the 
minimum rate measured is 
plotted (red circles). The red 
dashed line shows the expected 
relaxation rate with no free 
parameters after accounting for 
the finite silver film thickness. 
(Inset) Thickness of the ramp as 
a function of lateral position 
along the diamond sample (blue 
curve). The red crosses 
correspond to the positions 
along the sample where the 
measurements were taken. 

Fig. 3. Temperature 
dependence of NV relaxation 
close to polycrystalline silver. 
(A) The measured relaxation 
rate of a single NV spin under a 
polycrystalline silver film as a 
function of temperature (red 
data points). The conductivity 
of the silver film as a function of 
temperature shown in B is 
included in a fit to Eq. 2, with 
the distance to the film as the 
single free parameter (red 
dashed line). The extracted 
distance is 31 1±  nm. (B) The 
conductivity of the 100 nm 
thick polycrystalline silver film 
deposited on the diamond 
surface is measured as a 
function of temperature. (Inset) 
Grain boundaries within the 
polycrystalline silver film, 
imaged using electron 
backscatter diffraction (EBSD). 
The average grain diameter is 
140 nm, with a standard 
deviation of 80 nm. 
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Fig. 4. Temperature dependence of NV relaxation close to single-crystal 
silver. (A) Measured conductivity of single-crystal (blue curve) and 
polycrystalline (red curve, same as Fig. 3B) silver as a function of 
temperature. (Inset) Electron backscatter diffraction image of the single-
crystal silver film showing no grain boundaries, and the observed diffraction 
pattern. (B) Relaxation of a single NV spin under single-crystal silver as a 
function of temperature (blue squares). Equation 2 is fit to the data from 
200-295 K (blue dashed line). A non-local model (23) is fit to the data (blue 
solid line), the extracted distance between the NV and the silver surface is 
36 1±  nm. (C) Cartoon illustrating the relevant limits, where the noise is 
dominated by diffusive electron motion (left,   l d ), and ballistic motion 
(right,   l d ). (D) The same data as B was taken for 23 NVs at varying 
distances from the film. The 1T  of each NV at 103 K (top) and 27 K (bottom) 
is plotted against the extracted depth (blue triangles). The non-local model 
(solid colored lines) saturates at a finite lifetime determined by Eq. 3 
(bottom, dashed black line), while the local model does not (dashed colored 
lines). 
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