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Nuclear Magnetic Resonance (NMR) spectroscopy on small volumes, either on microfluidic channels

or in vivo configuration, is a present challenge. We report here a high resolution NMR spectroscopy

on micron scale performed with Giant Magnetic Resistance-based sensors placed in a static magnetic

B0 field of 0.3 T. The sensing volume of the order of several tens of pL opens the way to high

resolution spectroscopy on volumes unreached so far. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4952947]

Nuclear Magnetic Resonance (NMR) spectroscopy is

one of the most efficient techniques to study the structures or

to determine the concentration of molecules. NMR spectros-

copy using conventional micro-coils is limited to volumes

between 106lm3 (1 nL) and 1 mm3 (1 lL).1–4 Recently, the

use of single nitrogen-vacancy (NV) centers in diamond has

been proposed to nanoscale resolution,5 but that approach is

rather complicate. Our approach is based on micron size spin

electronics based sensors, such as Giant Magnetic Resistance

(GMR) and Tunnel Magnetic Resistance (TMR) for small

volume detection. These sensors present a double advantage.

First, they have flat field sensitivity up to GHz range.6

Second, these sensors can be easily implanted in the experi-

mental set up just by placing it close enough to the region of

interest. The only drawback compared to coils is the sensitiv-

ity to DC magnetic fields which requires specific sensor ori-

entation to insure a proper detection.

The GMR sensor is integrated on a biocompatible sub-

strate of silicon, glass, or sapphire which can be incorporated

in vivo or in vitro like standard electrodes used for electro-

physiology. It is patterned in a meander shape in a stack of

the following composition:

Ta(5)/PtMn(18)/CoFe(2.3)/Ru(0.85)/CoFe(2.5)/Cu(2.9)/

CoFe(1.5)/NiFe(3.5)/Ta(5)/SiO2/Si.

The thicknesses are in nanometers. GMR’s hard layer is

a synthetic anti-ferromagnetic composed of PtMn/CoFe/Ru/

CoFe. The spacer is a nonmagnetic layer of copper. The free

layer is an association of CoFe with a soft ferromagnet NiFe

having a magnetization that rotates easily with an external

applied field (Figure 1). Tantalum constitutes the cap layer

and the seed layer when it is, respectively, on the top and the

bottom of the GMR. The meanders are made with 4 lm

width lines and cover a rectangular surface with lateral sizes

varying from 20 lm to 100 lm. The extremities of the mean-

der are short-circuited to avoid magnetic noise caused by do-

main formation. The magnetoresistance of the sensor

without any applied magnetic field (B0¼ 0 T) is about

6:4%=mT and a bias voltage of 5 V leads to a sensitivity of

320 V=T. As the NMR experiment is carried out in a main

field of 0.3 T, i.e., 13 MHz for the proton, then the sensor

noise is not affected by the 1/f noise, but it is dominated by

thermal noise of the sensor.7 The element resistance being

1 kX, the noise is 4:3 nV=
ffiffiffiffiffiffi
Hz
p

which corresponds to a field

equivalent noise of 12:5 pT=
ffiffiffiffiffiffi
Hz
p

.

GMR sensors are saturated by any in-plane field compo-

nent larger than few mT. For that reason, the only way to

perform NMR experiment in a polarizing field of few hun-

dreds of mT with GMR sensors consists in applying the

main field perfectly perpendicular to GMR’s layer stack

direction. In order to optimize the position of the GMR, our

system is equipped with an angle adjustment for the GMR

providing direction with accuracy better than 0.1�.
Consequently, before starting the measurements, the adjust-

ment of the sensor direction is made under an applied static

magnetic field by measuring the GMR sensitivity to an exter-

nal low frequency excitation.

The experimental set-up is presented in Fig. 2. In order

to mimic an in vivo configuration, the sensor probe is simply

inserted in a large liquid volume of 1.2 cm3. A standard elec-

tromagnet has been used to generate a main field B0 of about

0.3 T (13.3 MHz). In large perpendicular field, the free layer

magnetization tends to get out of the plane, leading to a

reduced projected component in the plane, and thus a

decrease of sensitivity as can be seen in Fig. 3. At 0.3 T,

GMR sensitivity reaches 5.3%/mT under 5 V bias voltage

(Fig. 3) which corresponds to a sensitivity of 265 V=T. The

excitation RF pulse is generated in a 1 cm diameter tuned

coil. The RF pulse is applied along the Z direction during

40 ls. Once the pulse is turned off, the Free Induction Decay

(FID) signal is detected by the GMR sensor or by the same

tuned coil for comparison. It should be noticed that, as the

GMR is a broadband sensor, the recovery after RF excitation

is fast and the ringing phenomena seen with tuned coil do

not exist.

In that particular scheme, a direct coupling occurs

between the GMR wire connections and the excitation/recep-

tion tuned coil. In order to separate the local GMR signal

from the inductive signal, the GMR has been biased with an

AC signal xm of few kHz. Thus, the signal of interest

appears on both sides of the inductive signal shifted by the

modulation current frequency xm.
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The obtained modulated signal is amplified by a low

noise preamplifier and split into two channels for quadrature

detection. It is then demodulated and sent to an acquisition

card. The sequence repetition time is 2 s.

Measurements were first performed on distilled water.

We have measured the FID signal of water with a GMR

probe, as shown in Fig. 4. The FFT of water FID signal

detected for reference by the tuned coil for one acquisition

has a linewidth of about 14 Hz which corresponds to 1 ppm

field homogeneity and a time constant T�2 � 70 ms.

The signal is modulated at 3 kHz via an AC voltage of

5 V applied to the GMR. As we cannot detect the signal with

only 1 acquisition, the linewidth of the GMR signal is not

given by the spatial homogeneity which is very good on

Nano Liters volumes but by the stability in time of the field

which is about 1 ppm/h. Hence, we used the signal of tuned

coil as a signal lock of main field changes implying a compa-

rable linewidth for GMR detected signal and tuned coil

detected signal. Regarding sensitivity, an averaging of 400

acquisitions was required to get a signal-to-noise ratio (SNR)

of 3. The SNR value is determined from the amplitude of

FFT signal and the standard deviation of the noise in Fig. 4.

In order to estimate the volume, the GMR element is

sensing, and to verify the experimental results, we computed,

first, the magnitude of the total magnetic field flux B induced

FIG. 2. Schematic representation of the experimental local NMR setup. The

main field B0, generated by an electromagnet, is applied to the sample. An

RF pulse is applied by a coil wound around the water sample at the corre-

sponding Larmor frequency. The detection is done by the GMR sensor hav-

ing a meander shape placed into a liquid solution. GMR sensor is sensitive

to magnetic field in X direction.

FIG. 3. Sensitivity of a GMR decreases when a magnetic field perpendicular

to the stack direction is applied. This is explained by the interaction of the

free layer magnetization with B0, which tends to move out of the stack

plane, therefore decreasing GMR sensitivity. Since the sensitivity decreases

when the applied field increases, the error is considered as an exponential

function.

FIG. 4. FFT of water FID spectrum detected by the GMR in 400 acquisi-

tions. The SNR is 3. The signal is modulated by a 3 kHz AC voltage.

Decreasing slope is due to additional noise caused by tuned coil coupled

inductively to the GMR.

FIG. 1. (a) Top view schematic representation of the GMR meander geome-

try. The edges of the meander are short-circuited to avoid magnetic noise.

(b) Cross section schematic representation of the GMR showing the different

layers and their magnetizations.
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by a semi-spherical volume of water solution having a radius

r and centered at O (O is considered as a point at the center

of the sensor). Computation is done at t¼ 0 s after turning

off the RF excitation applied along the Z direction. The

water volume was discretized in a set of small cubes having

a unitary volume of 1 lm3 and a magnetization at t0¼ 0 s of8

~m t0ð Þ ¼
N0c2 h

2p

� �2

I I þ 1ð ÞB0

3kbT
Vs
~k; (1)

where N0 is the number of protons in a volume unit, c is the

gyromagnetic factor, h is the Planck’s constant, I is the quan-

tum spin number, kB is the Boltzman constant, T is the tem-

perature in Kelvin, Vs is the volume, and ~k is the unit vector

of Z axis.

The magnetic field flux induced at O is the sum of the

magnetic contribution of each dipole on this point, and it is

given by

B t0ð Þ ¼
X

i

l0

4p
3~r ~m:~rð Þ

r5
� ~m

r3

� �
; (2)

where~r is the distance between a dipole and O, and l0 is the

vacuum permeability.

Fig. 5 presents the magnitude of Bðt0Þ as a function of the

radius of a semi-spherical volume of water detected in one

point. It can be inferred that 95% of the magnetic flux

detected by a punctual GMR is due to a semi-spherical vol-

ume of 15 lm radius. Accordingly, GMR elements are mostly

sensitive to the very close dipoles. Then, the total volume con-

tributing in GMR signal can be constructed by convoluting

this semi spherical volume through GMR surface. Thus, the

total volume of sensibility for the used GMR of 40� 40 lm2

surface is a rounded volume of 70 � 70 � 15 lm3 which cor-

responds to 62 pL. This result shows the relevancy of employ-

ing GMR sensors for local NMR application. In addition, that

simulation shows that in that configuration, the minimum vol-

ume which can be sensed will be given by a half sphere of

15 lm of radius which corresponds to 2 pL.

Since the induced magnetic field Bðt0Þ is related to

the area under the Fast Fourier Transform (FFT) peak of a

FID by the equation: B t0ð Þ ¼ 1ffiffiffiffi
2p
p
Ð

S xð Þdx, the amplitude

of the NMR frequency spectrum, S0, can be calculated:

S0 � 2
ffiffi
2
p

B t0ð Þ
Dx
ffiffi
p
p � 22 pT, with Dx � 14 Hz being the Full

Width of Half Maximum of the peak. On the other hand, as

discretization is of 10 Hz, the amplitude of GMR Root Mean

Square (RMS) noise is about 40 pT. Consequently, we

expect that 30 acquisitions will at least be required to obtain

a SNR of 3. Indeed, the required number of acquisitions in

the experiment was higher. This is due to the additional noise

caused by the tuned coil which couples inductively to the

GMR. This appears in Fig. 4, by a decreasing slope.

In order to compare the performance of GMR to an in-

ductive microcoil, we considered the results reported by

Mcdowell and Adolphi4 obtained with one of the smallest

solenoid inductive microprobe: a SNR of 0:46=
ffiffiffiffiffiffi
Hz
p

was

achieved on a sample volume of 1.2 nL at 1 T with one ac-

quisition. Since SNR is given by9

SNR / Vsx0
7=4: (3)

SNR of the microprobe will be 160 times less for a volume

of 62 pL at 0.3 T. This is equivalent to 1.1 � 105 acquisitions

to get a SNR of 3. Thus, GMRs are much more efficient than

micro-probes for NMR measurements of pL volumes at low

magnetic field.

Furthermore, measurements were also performed on

ethanol. Protons of ethanol (CH3-CH2-OH) have three

FIG. 5. Total magnetic field induced by a semi spherical volume on its cen-

ter as a function of its radius.

FIG. 6. (a) Experimental NMR spectrum of ethanol detected by GMR sensor

over 3000 averaging. (b) Simulated NMR spectrum of ethanol at 0.3 T.
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different chemical environments corresponding to three dif-

ferent chemical shifts. Fig. 6 presents the spectrum of etha-

nol detected with the GMR sensor obtained in 3000

acquisitions. As with water solution, modulation signal is of

5 V and has a frequency of 3.8 kHz. Obtained SNR is about

3. Furthermore, NMR peaks of ethanol with the correspond-

ing chemical shift10 were simulated using SpinDynamica

code for Wolfram Mathematica11 at 0.3 T and were com-

pared to experimental results. A good agreement of chemical

shifts between experimental and theoretical results is

observed.

We have shown the capacity of a GMR sensor to per-

form local NMR spectroscopy. This sensor takes advantage

of having high sensitivity and a large bandwidth, working at

room temperature and practical to be applied on small

in vivo volume or on a microfluidic channels.

First, local performance of GMR was shown by estimat-

ing its volume resolution. Taking into account that this vol-

ume depends on the GMR surface, a volume resolution less

than 62 pL could be reached. Then, the feasibility of NMR

acquisition on water and ethanol was demonstrated with a

SNR of 3 in 400 and 3000 acquisitions for water and ethanol,

respectively, while maintaining acceptable resolution

capacity of 1 ppm.

Furthermore, we believe that the reachable SNR is

higher than presented experimental results because of the

inductively coupled noise of excitation coil. Thus, the next

step will focus on how to get rid of inductive coupling.

Future steps will concentrate on improving resolution

capability by adjusting the spatial and temporal homogeneity

of the static field which is now the main experimental limita-

tion. Moreover, in order to get better sensitivity, a different

kind of magnetoresistive devices could be studied: Magnetic

Tunneling Junctions (MTJ).12 Indeed, this device has sensi-

tivity 10 times better than that of a GMR, which practically

means, to get the same SNR, TMR requires 100 acquisitions

averaging less than GMR.

We acknowledge Patrick Berthault for the calculation of

the Ethanol spectrum at 0.3 T and also the European

Commission for its support through the FET initiative

Magnetrode, FP7-ICT-2011- project 600730.
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