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Force Detection of Nuclear Magnetic Resonance 

D. Rugar,* 0.Zijger, S. Hoen, C. S. Yannoni," H.-M. Vieth,? 
R. D. Kendrick 

Micromechanical sensing of magnetic force was used to detect nuclear magnetic reso-
nancewith exceptional sensitivity and spatial resolution. With a 900angstrom thick silicon 
nitridecantilever capable of detecting subfemtonewtonforces, a single shot sensitivity of 
1.6 x 1013 protons was achieved for an ammonium nitrate sample mounted on the 
cantilever. A nearby millimeter-size iron particle produced a 600tesla per meter magnetic 
field gradient, resulting in a spatial resolution of 2.6micrometers in one dimension. These 
results suggest that magnetic force sensing is a viable approach for enhancing the sen-
sitivity and spatial resolution of nuclear magnetic resonance microimaging. 

I t  was recently proposed by Sidles and 
co-workers (1-3) that nuclear magnetic 
resonance imaging with single spin sensitiv-
ity and atomic resolution might be achiev-
able with ultrasensitive force detection 
techniques. In one possible implementa-
tion, a microfabricated cantilever operating 
at low temperature would detect the weak 
magnetic force acting between a small fer-
romagnetic particle and the precessing nu-
clear spins in the sample. The envisioned 
"magnetic resonance force microscope" 
would have elemental identification capa-
bilitv and be able to determine nuclear 
positions with subangstrom spatial resolu-
tion in three dimensions. Such an instru-
ment, if it could be built, would represent a 
revolutionary advance for the field of mag-
n e t i ~resonance imaging and would greatly 
facilitate the determination of molecular 
structures. 

The first experiments demonstrating the 
basic principles of magnetic resonance force 
microscopy were reported recently. Rugar et 
al. (4) detected electron spin resonance 
(ESR) by using an atomic force microscope 
cantilever to measure an oscillatory 10-14-N 
magnetic force acting on a 30-ng sample of 
diphenylpicrylhydrazyl (DPPH). Subsequent 
imaging experiments by Ziiger and Rugar (5) 
showed that spatial maps of the magnetic 

force could be used to reconstruct the electron 
spin density of the sample with micrometer 
s~atialresolution. 

Here, we report the use of microme-
chanical force sensine techniaues to de--
tect nuclear magnetic resonance (NMR). 
Compared to the previous ESR work, 
NMR force detection is considerably more 
challenging because the magnetic mo-
ments of common nuclei are at least 650 
times smaller than the moment of the 
electron. Furthermore. nuclei have much 
longer spin-lattice relaxation times, ne-
cessitating a different approach for manip-
ulating the spin magnetization. We have 
overcome these obstacles by (i) fabricating 
ultrathin cantilevers that improve our 
force detection sensitivity to 5 x 10-l6 N; 
(ii) operating the force detection appara-
tus in a high magnetic field (2.35 T) to 
enhance the nuclear polarization; and (iii) 
implementing a magnetization modulation 
technique based on cyclic adiabatic inver-
sion (6). These innovations, in combina-
tion with the 600-T/m field gradient gen-
erated by a millimeter-size iron particle, 
resulted in a single shot NMR sensitivity 
of 1.6 x 1013 protons and a spatial reso-
lution of 2.6 pm. 

The force detection apparatus (Fig. 1) fit 
within the room-temperature bore of a su-
perconducting magnet and was operated in 

IBM Research Division, Almaden Research Center, a <10-3-torr vacuum to avoid air damping650 Harry Road, San Jose, CA 95120, USA. 
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Fig. 1. Basic configuration of the force detection 
apparatus. Protons in the sample are polarized by 
the combination of a homogeneous field from a 
superconducting magnet (not shown) and the 
inhomogeneous field (dashed lines) from a mag- 
netized iron particle. The zcomponent of sample 
magnetization is made to oscillate by means of 
the cyclic adiabatic inversion induced by frequen- 
cy modulation of an applied rf field. The oscillating 
magnetization in the presence of the inhomoge- 
neous field generates an oscillating magnetic 
force and causes the cantilever to vibrate. The 
vibration amplitude is measured with the use of a 
fiber optic interferometer and a lock-in amplifier. 

tride cantilever (7). Ammonium nitrate was 
chosen as the s m l e  material because of its 
abundance of hydrogen nuclei (protons) and 
because its relaxation behavior is well suited 
for cyclic adiabatic inversion (rotating-frame 
relaxation time TI, > 1 s) (8, 9). The 
100-MHz radio-frequency (rf) field used to 
excite NMR was generated by a 0.8-mm- 
diameter coil (2.5 turns) located less than a 
millimeter frok the sample. All measure- 
ments were made at room temperature. 

The cantilever (Fig. 2) was only 900 A 
thick and had a spring constant k = 1 x 

N/m. This spring constant is less than 
1/30 of that typically used for atomic force 
microscopy. When loaded with the sample, 
the cantilever had a 1.4-kHz mechanical 
resonance frequency and exhibited an in- 
trinsic quality factor, Q, of 3000 in vacu- 
um. The effective quality factor, Qef, was 
typically lower than this value because 
damping feedback was used to reduce the 
response time of the cantilever (1 0). The 
angstrom-scale motion of the cantilever was 
monitored by a fiber optic interferometer 
(1 1, 12) and was synchronously detected 
with a lock-in amplifier. 

The root-mean-square (rms) force sensi- 
tivity of the apparatus (1 3) was Fmin = 5 x 
10-l6 N, as measured at the cantilever 
resonance frequency with a lock-in time 
constant of 1 s [equivalent noise bandwidth 
Av = 0.25 Hz (14)l. This excellent sensi- 
tivity is a direct consequence of the very 
low spring constant and high intrinsic Q of 
the cantilever. The sensitivity is limited 
primarily by the thermal vibration noise of 
the cantilever. The theoretical sensitivity, 

Fig. 2. Optical micrograph of the 900 A thick 
silicon nitride cantilever. A small grain of the 
sample material (ammonium nitrate) is visible 
on the upper portion of the paddle-shaped 
cantilever. The narrow neck of the cantilever is 
50 pm long and 5 pm wide. 

assuming thermal noise, is Fmi, = (4 k k, 
TAvlQw,) 'Iz, where w, is the resonance 
frequency of the cantilever, k, is Boltz- 
mann's constant, and T is temperature (3, 
15). For our cantilever operating at room 
temperature with a noise bandwidth Av = 
0.25 Hz, the theoretical rms thermal noise 
level is Fmin = 4 x 10-l6 N, in good 
agreement with the experimental value. 

The protons in the sample were polar- 
ized in the i direction by a static field B,, 
which was the combination of a homoge- 
neous field (1.95 T) from the superconduct- 
ing magnet and an inhomogeneous field 
(-0.4 T) produced by a magnetized iron 
particle (1.5 mm in diameter, 4 mm long). 
The iron particle was mounted on a piezo- 
electric translator and positioned -700 pm 
from the sample. The strong magnetic field 
gradient created by the iron particle (t3BJaz 
= 600 T/m) was required to generate a 
measurable force on the sample and to 
provide spatial resolution. At thermal equi- 
librium, the polarizing field produced in the 
sample a net nuclear magnetic moment 
given by the Curie law m, = NVpp(ppBJ 
k,T), where N is the number of protons per 
unit volume (5.1 x loZZ protons per cubic 
centimeter), V is the sample volume (7.1 x 

cm3), and pp is the magnetic moment 
of the proton (1.4 x JIT). For our 
sample, which contained about 3.6 x lOI4 
protons, the equilibrium magnetic moment 
in the 2.35-T polarizing field was m, = 4.1 
x 10-l7 JIT = 2.9 x lo9 CLe. 

An NMR modulation technique was 
used to create an oscillating m,(t) and 
thereby generate an oscillating magnetic 
force F,(t) = mz(t)t3B,/t3z. By choosing the 
oscillation frequency to be the cantilever 
resonance freauencv. we were able to en- . ,, 
hance the resulting cantilever vibration 
amplitude by the effective Q of the canti- 
lever, thus improving the detectability of 

e 
Y. 

rl on rf off 

Fig. 3. (A) Frequency modulation pattern used 
for cyclic adiabatic inversion. The plotted quan- 
tity is the rf frequency deviation A o ( t ) / 2 ~ .  In the 
actual experiment, the modulation typically per- 
sists for several thousand cycles. (B) The re- 
sulting z component of magnetic moment cal- 
culated by assuming that the nuclear magneti- 
zation follows the direction of the effective field 
(Eq. 2). 

the force. An important side benefit of 
using NMR to create an oscillating force is 
that it allows nuclear magnetism to be 
distinguished from other sources of force 
(for example, electron diamagnetism, van 
der Waals interactions, and environmental 
vibrations). 

The modulation scheme we adopted was 
first suggested to us by Sidles (6) and is 
based on cyclic adiabatic inversion (1 6). 
Under certain conditions, the nuclear mag- 
netic moment viewed in a reference frame 
rotating at the frequency of the rf excitation 
can be made to follow the direction of the 
effective field, Bef, where 

Here, B, is the amplitude of the applied rf 
magnetic field, which, in the rotating frame, 
is a constant field in the f direction, w is the 
rf frequency, and y is the gyromagnetic ratio 
(2.68 x 10' s-' T-' for protons). 

The modulation scheme uses frequency 
modulation of the rf field to endow Bee with 
an oscillating z component. The rf frequen- 
cy has the form w(t) = w, + Aw(t), where 
w, is the rf carrier frequency and Aw(t) is 
the frequency modulation. We now con- 
sider the case where the carrier frequen- 
cy satisfies the resonance condition wo = 
yB , so that Bee = Blf - (Awly)?. Starting 
with no rf excitation, the spins are allowed 
to polarize in the static field B, for a time 
greater than the longitudinal relaxation 
time T, (>4 s) in order to achieve an initial 
magnetic moment m,(O) . The rf excitation 
is then set to a frequency below resonance 
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(Aw/2~= -500 kHz), and its amplitude is 
increased slowly (- 10 ms). Because of the 
large frequency offset (IAwlyl >> B,), Beff 
remains nearly parallel to the polarizing 
field. The rf frequency is then swept 
through resonance and frequency modulat-
ed so that Aw(t) = 0 sin w,t, where 0 is 
the peak frequency deviation and w, is the 
cantilever resonance frequency (Fig. 3A). 
This modulation pattern causes Beff to 
swing toward the x axis and then oscillate 
below and above the x axis in the xz plane. 
If the frequency modulation is at a suffi-
ciently slow rate so that the adiabatic con-
dition is satisfied (IdBeff/dtl<< yB$, then 
the sample moment m will follow the direc-
tion of Beff(17). When this is the case, 
m,(t) .is given by 

This oscillating moment (Fig. 3B) creates a 
cyclic force on the sample and causes the 
cantilever to vibrate. 

Figure 4 shows the cantilever vibration 
amplitude that developed during a burst of 
modulation lasting 2.2 s. In response to the 
oscillating nuclear magnetic moment, the 
cantilever achieved an rms vibration ampli-
tude of 110 A, corresponding to an rms 
maenetic force of 1.1 x 10-l4 N. The rms-
noise level in this single-shot experiment 
was 5 A, yielding a signal-to-noise ratio of 
22. Because the sample contained 3.6 x 
1014protons, the number of protons corre-
sponding to unity signal-to-noise ratio is 
1.6 x 1013. This sensitivity is close to the 
theoretically expected value. The mini-
mum detectable magnetic moment is ex-

120-

Noise 

> 
-40 - Modulationon off 

0 2 4 6 8 10 12 14 16 18 20 
Time (s) 

Fig.4. Time dependence(arbitraryt = 0)of the 
cantilevervibration amplitude measured during 
a single shot experiment (no averaging)where 
cyclic adiabatic inversion was started and 
stopped as indicated. The cantilever achieved 
an rms amplitudeof 110A, correspondingto an 
rms magnetic force of 1.1 x 10-l4 N. The 5 A 
vibration noise corresponds to a minimum de-
tectable force of F,,, = 5 x 10-I6 N. The slow 
rise and fall times of the response are primarily 
a result of the 1 s time constant of the lock-in 
amplifier. Measurement conditions: B, = 12 G, 
a / 2 ~= 170 kHz, and Q,, = 1000. 

pected to be mmin = FminllaB,lazl,where 
Fminis the minimum detectable force. For 
the experimental conditions in Fig. 4, Fmin 
= 5 x 10-l6 N and dB,ldz = 600 T/m, 
yielding mmin= 8.3 x 10-l9 J/T = 5.9 x 
lo7 p .Based on the Curie law for protons 
in a f . 3 5 ~field at 300 K, the number of 
protons required to generate this rms mo-
ment is n = dmmin/(p~~,/k,T) = 1.0 x 
1013, in good agreement with the experi-
mental value (18). 

We have verified that the response in 
Fig. 4 is indeed the result of magnetic 
resonance by measuring the cantilever vi-
bration amplitude as a function of polariz-
ing field strength and rf frequency. The 
polarizing field strength at the location of 
the sample can be controlled bv the ~ o s i -
tion of the iron particle. For a given rf 
frequency, the vibration amplitude reaches 
a peak when the iron particle is at a specific 
distance from the sample (Fig. 5). The 
location of the ~ e a kcorres~ondsto the 
position of the iron particle that generates 
the resonance field B, = moly at the Sam-
ple. When the experiment was repeated 
with the rf frequency increased by 6f = 1 
MHz. the iron article had to be moved 
closer to the sample by 6z = 39 pm to 
maintain magnetic resonance. This infor-
mation can be used to precisely determine 
the field gradient generated by the iron 
particle: laB,/azl = (2~ly)6f/Sz= 6.0 x 
10' T/m. This result is in good agreement 
with the gradient calculated for the known 
particle geometry. 

Such a large field gradient is desirable for 
high-resolution NMR imaging. Although 
some ~reliminarvthree-dimensional results 
have been obtained, we confine the present 
discussion to one-dimensional imaging in 
the h direction. We have successfully used 
two different methods. First, we mechani-

Fig. 5. Cantilevervibration amplitude as a func-
tion of the distance from the iron particle to the 
sample. Each point represents the rms vibra-
tion amplitude attained during cyclic adiabatic 
inversion. The peaks in the data occur when B, 
= o d y  at the sample. Higher carrier frequency 
moves the position of the peak to smaller par-
ticle-to-sample spacing, corresponding to 
higher polarizing field. Measurement condi-
tions: 6, = 13.1G, a / 2 ~= 108kHz, and Q,, = 
2600. 

cally scanned the iron particle while keep-
ing the rf carrier frequency fixed. This is 
essentially the same procedure as that used 
in Fig. 5, where each line scan can be 
interpreted as a low-resolution spatial map 
of the spin density projected onto the z 
axis. The spatial resolution was not optimal 
in this case because a large modulation 
amplitude 0 was used. 

In the second method, we fixed the 
position of the iron particle and scanned 
the rf carrier frequency, w,. As a conse-
quence of the large field gradient, different 
z positions of the sample experience differ-
ent values of B,, corresponding to different 
NMR resonance frequencies. As w, is 
scanned, successive slices of the sample go 
into resonance, each slice generating an 
oscillating magnetic force in proportion to 
the number of protons within the slice. A 
plot of the spin density obtained by this 
method (Fig. 6) shows that the spin density 
is confined to a frequency range about 240 
kHz wide, corresponding to a sample thick-
ness of 9 um. The s~atialresolution can be 
estimatedfrom the s;eepness of the edges of 
the spin density profile. The right side of 
Fig. 6 exhibits the steepest response and 
corresponds to the side of the sample that is 
adiacent to the flat lane of the cantilever. 
We estimate the spatial resolution by mea-
suring the width between the 10% and 90% 
amplitude points. This width, Af = 67 kHz, 
corresponds to a spatial resolution of Az = 
2~Af/(yaB,/dz)= 2.6 pm. Theoretically, 
the expected resolution is approximately Az 
= ABlldB,ldzl, where AB is the effective 
NMR line width. The main contributor to 
the effective line width is the frequency 

Carrier frequency (MHz) 

Fig. 6. One-dimensional image of proton den-
sity obtained by measuring the cantilever rms 
vibration amplitudeas a function of the rf carrier 
frequency. The 640-kHz frequency range was 
scanned in 5 s with the rf excitation continually 
on and sinusoidally frequency modulated dur-
ing the scan. The 120 successive scans were 
averaged together to improve the signal-to-
noise ratio. The length of the 5-)~mscale bar is 
based on the 600-T/mfield gradient present at 
the sample. A spatial resolution of 2.6 km was 
estimated from the 67-kHzwidth between 10% 
and 90%amplitude points on the right edge of 
the spin density profile. Measurement condi-. , 

tions:'B, = 8.3G, a / 2 ~= 25 kHz, and Q,, = 
800. 
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modulation. For the modulation conditions 
used for Fig. 6, an effective line width of AB 
= 16 G was calculated. Combining this 
with the known field gradient gives Az = 
2.7 pm, in good agreement with the exper-
imental result. This ,spatial resolution is 
roughly an order of magnitude better than 
that obtained by conventional NMR imag-
ing of nonmetallic solid samples (19). 

The results presented in this report dem-
onstrate that NMR force detection can 
achieve remarkable sensitivity and spatial 
resolution. Further advances are expected 
as progress is made toward more-sensitive 
cantilevers, higher field gradients, and low-
er temperatures. This work is also signifi-
cant for the field of scanning probe micros-
copy. Previous scanning probes-including 
tunneling, atomic force, and near-field op-
tical microscopies-have so far measured 
only the electronic properties of the sam-
ple. Now, we have shown that nuclear 
magnetism is also accessible. 
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Methane to Ethylene with 85 Percent Yield in a 
Gas Recycle Electrocatalytic Reactor-Separator 

Y. Jiang, I. V. Yentekakis, C. G. Vayenas 
Methane was oxidatively coupled to ethylene with an ethylene yield up to 85 percent and 
a total C, hydrocarbonyield up to 88 percent in a gas recycle high-temperature (800°C) 
electrocatalyticor catalytic reactor where the recycled gas passes continuouslythrough a 
molecular sieve trap in the recycle loop. Oxygen is supplied either electrocatalytically by 
means of the solid electrolytesupport of the silver-basedcatalyst or in the gas phase. The 
C, productsare obtainedby subsequent heatingof the molecularsieve trap. The selectivity 
to ethylene is up to 88 percent for methane conversion up to 97 percent. 

T h e  oxidative dimerization, or "cou-
pling," of methane to the C, hydrocarbons 
ethane and ethylene with C2hydrocarbon 
yield Yc in excess of 50% and ethyleneyield 
YC2H4 kigher than 40% has been a 
long-sought goal in heterogeneous catalysis 
(1-8). Achieving these threshold values is 
considered a necessary requirement for the 
development of an economically viable in-
dustrial process for the one-step production 
of ethylene from natural gas. 

Since the seminal work of Keller and 
Bhasin (2), numerous catalysts have been 
found (3-9) that give selectivity to C, hy-
drocarbons (denoted by SC2)higher than 
90% for low (<2%) methane conversion 
(hereafter denoted by CCH4).However, it 
was universally found (2-9) that the total C, 
hydrocarbon selectivity Sc2 and ethylene 
selectivity S,.,, decrease drastically with 
increasing c$&rsion CCH4,SO that Yc2 
(which equals CCH4SC2)and YC2H4(equal to 
CCH>C2H,)arealways less than 30% and 
15%, respectively. 

In a recent pioneering paper, Aris and 
co-workers (10) showed that YC2 and YCIH 
can be increased up to at least 50% and 
17%, respectively, by using a Sm20, cata-
lyst in a simulated countercurrent moving-
bed chromatographic reactor (SCMBCR) 
to carry out the oxidative coupling of meth-
ane (OCM) reaction. In this reactor, the 
methane-oxygen feed is cycled periodically 
between four reactor units, maintained at a 
high (50:l) methane-to-oxygen ratio, and 
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four separating columns; the procedure is 
repeated indefinitely. 

The reason for the low ScH and Sc2 
values at high methane convirslon CCH4 
and thus the reason for the low measured 
YC2 and YCZH values of earlier studies (2-9) 
is that the desired products ethylene and 
ethane are far more reactive with oxygen 
than with methane and therefore are easily 
oxidized to CO or CO, when their concen-
trations become comparable to that of 
methane (that is. for high methane conver-
sion). cdnsequkntly, -the observed im-
provement in C, yield (-50%) in the case 
of the SCMBCR (10) is attributable to the 
partial separation and removal of C, hydro-
carbons from unreacted methane and oxy-
gen. The same is predicted to apply for the 
countercurrent moving-bed chromatographic 
reactor (10). 

We have almost entirely eliminated the 
problem of the high reactivity of the C, 
hydrocarbons during the OCM reaction by 
using a gas recycle reactor with a selective 
Ag-based OCM catalyst or electrocatalyst 
combined with an a~uro~ria temolecular 

L .  L 

sieve trap in the recycle loop (Linde molec-
ular sieve 5A maintained at 30°C). which ,, 

traps and thus protects an easily controllable 
percentage (up to 100%) of ethylene and of 
ethane produced during each gas cycle. An 
important feature of this molecular sieve 
material is that it traps ethylene much more 
effectively than ethane and thus leads to 
very high ethylene yields. In this way, we 
have obtained C, hydrocarbon yield values 
YC2 up to 88% and, more importantly, eth-
ylene yield values YCZH4up to 85%. 
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