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Magnetic resonance force microscopy: Nonlinear processes and influence of relaxation times
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The phenomenon of the micromechanically detected magnetic resonance is interpreted in terms of nonlinear
processes at magnetic resonance. A close analysis in the frequency domain of the irradiation and detection
scheme shows that the technique corresponds to a multiple irradiation with one or more couple of frequencies
separated by». and to the detection of the longitudinal component of magnetization oscillatiag afhe
study of longitudinal detection of magnetic resonance allows the direct measurement of the spin-lattice relax-
ation time of samples. Samples of kinMgO prepared in order to obtain a mixture of spin systems with very
different relaxation processes were studied by electron-spin-resonance experiments with micromechanical
detection: measurements evidence a very strong rejection of the system with lower longitudinal relaxation time.
Direct confirmation of the theoretical interpretation is obtained; in addition the microscopy technique increases
its “contrast” capability, adding the possibility of determining maps of samples based on the distribution of
both concentration and longitudinal relaxation times of spin systems.
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[. INTRODUCTION conditions the Bloch equations no longer account for the
resonance phenomenon; on the other hand special combina-
Since the discovery of the magnetic-resonance phenontions of pulse and continuous-wave techniques allowed the
enon, nearly all the experiments used as a physical obsergtudy of transverse and longitudinal relaxation times in
able, for the detection of resonance signals, the electromagwclear MRFM of micron-size crystafs.The possible ef-
netic field interacting with the sample in magnetic-resonancéects due to the presence of systems with different relaxation
condition? Only isolated experiments accounted for the ef-times were also discussed.
fects of magnetic resonance on some parameters of the The analysis of the MRFM technigue shows however that
sample itself, such as the temperattifecomplete study of the force signal is connected to the dynamics of the longitu-
the effects connected at magnetic resonance to absorption B§nal component of magnetization. A simple study of the
the sample of the angular momentum rather than of the erxperimental procedures shows in addition that the different
ergy of photons was on the other hand developed in 1880s; modulations impressed in the rad|a§|on and magnetic field
this allowed the observation of a macroscopic torque deteVhere samples are embedded, required to stimulate the me-
mining the oscillation of a paramagnetic torsional pendulumchanical resonance of the cantilever, correspond in the fre-
The peculiar effects of the low intensity static magneticdU€ncy domain to multiple irradiation. The MRFM experi-

fields used and of many photon transitions were evaluate?1ent as awhole resem_ble_s the nonlinear magnetic-re_sonance
and interpreted echnigue named longitudinally detected electron-spin reso-

22-24 ; ; ;
A renewed impulse to novel methods for the detection OTnance(LODESR). This technique, thoroughly studied

. . several years ago, implies a doulgte multiple) transverse
magnetic resonance came from the proposal, the detectio y g P t ple)

d the devel f the mi hanical ob . radiation of a sample at magnetic resonance; in this nonlin-
and the development of the micromechanical observation ol .,ngition the longitudinal component of the sample mag-

magnetic resonance’® This methodology presents several etization shows oscillations at the difference in frequency
interesting features, combining aspects of atomic force mipanyeen the irradiating waves and harmori.The analy-
croscopy with magnetic-resonance processes in presence g of the line shape shows that the signal at the first harmon-
field gradients. The main objectives of this approach are thgs has the same width as for the normal electron-spin-
increased sensjtivity and spatial resolutiqn di(ected to theesonanc¢ESR signal but its intensity is proportional to the
study of both single nuclear- and electronic-spin systems; &aturation factor, and then supplies direct information about
different scanning probe microscopy arises named magneti¢ne gpin-lattice relaxation time also in low saturation
resonance force microscog¥IRFM). Technological efforts  condition24 This simple and informative technique was then
were addressed chiefly to enhance the sensitivity of the d%xtensively used for studying spin-lattice relaxation pro-
tector cantilever and the value of field gradient applied to thgesses in a number of physically different samp?es.
safnples. Accordingly, a force noise floor of the order of Tpig paper reports about the study of MRFM experiments
10 {—18} N was demonstrated with special cantilevers atin the light of LODESR phenomenon. Impressive results
low temperature&?~*® and field gradients as high as 2.5 show the capability of MRFM in the separation of contribu-
X 10° T/m were employed® tions to the signal from spin systems with different longitu-
More recently increased attention was paid to the possidinal relaxation times. This suggests the possibility of ob-
bility of studying the relaxation processes in both electrontaining in a simple way a relaxation microscopy.
and nuclear systent&?! In particular, it was demonstrated Section Il shortly recalls the fundamentals of MRFM ex-
that in particularly strong gradient and in high saturationperiment with some comments about the detection methods.
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The representation of the irradiation scheme in the frequency 4

domain is discussed, too. P(w)
Section lll, starting from the above irradiation scheme, | = pe--... sle-—-- »

reports an overview of the theory of LODESR phenomenon. r o,

The line shape is calculated, for simplicity, for the case of a ]

spin S=1/2, useful for the demonstration of the phenom- o,

enon; the more complicated caSe 5/2 relevant to the ex-

periments is not reported here since a quantitative compatri-

son with the line shape is not the subject of this paper. The (b)

physical equivalence with the MRFM process is evidenced. |*0)* *w*l
Section IV describes the essentials of the apparatus used | ° 1 | °1

for ESR and micromechanical detected ESR experiments, ®, o

the preparation of the sample, and spectra obtained with dif-

ferent experimental configurations. The evidence of tight FIG. 1. Effective radiation spectrum seen by the sample when

connection with LODESR experiments is discussed. (a) only the amplitude of the electromagnetic wave is modulated;
Section V finally presents some conclusions about théb) the amplitudes of the static and radio-frequency fields are modu-

achievements of the work and indicates some useful perspe@ted'

tives for the implementation of a relaxation-resolved MRFM

\/

spectroscopy. erating the field gradient and scanning across the sample
placed in fixed position, is profitably used.

Il. THE MICROMECHANICAL DETECTION OF The main features of this technique are the higher sensi-

MAGNETIC RESONANCE tivity, compared to classic inductive methods, and the possi-

) ) ) bility of investigating the spatial distribution of spins inside

The method of mechanical detection of magnetic resothe sample, due to the peculiar presence of the field gradient.
nance exploits the observation of mechanical effects pro- MREM could achieve, in perspective, the requested sen-
duced in a spin system at resonance. Such effepts can lé\,ﬁivity to detect the signal from a single electronic or nuclear
observed either in the sample itself or in a mechanical devicgpin This feature could be useful to the implementation of a
integral with the sample. The first method was investigated,y)ig-state guantum compufér;
in a series of works in 1960s where the sample operated as a |, general the modulation process is drawn by magnetic-
torsional pendulum acted Onﬁ%/ the angular momentum ofie|g modulation, often combined with modulation or peri-
photons absorbed at resonafice.This method is effective qgjcal switching of the irradiation amplitude. If indeed the
mainly at low v_alues of the static mag_netlc_fleld. The secongie|d is modulated at the frequenay., characteristic of the
method, following the suggestion of Sidles in the early 1970gantjlever, a spurious signal is usually impressed to the de-
(Ref. 7, implies the interaction of the sample with a micro- yection device. This drawback can be avoided by performing
mechanical lever used for deteculng the mechanical effecty qouple modulatior(field-amplitude or field-field at fre-
exerted on the sample at magnetic resonance. These eﬁe‘&éencieSwml and wyp SUCh aSwqy— ®m=we OF W
can be either the torque corresponding to the angularl MOz , .= w,. Since the sample at resonance has a nonlinear
mentum of photoris or the pressure due to the mai%;‘ﬁ}l'za'behavior, it acts like a frequency mixer giving all the inter-
tion of the sample when inserted in a field gradfent” moqyjation products of the incoming radiations; obviously
Most of the experiments deal with the last technique: thgne cantilever among all the available mechanical solicita-
sample is supported on a cantilever, submitted simultagong selects the one at frequenay. The overall irradiation
neously to a magnetic field and to a field gradient in the samgcpeme is usefully considered in the frequency domain; the
directionz This gives a force=, exerted on the cantilever gk spectrum of Fig. 1 represents the effective radiation

due to the resonant volumeof the sample given by spectrum seen by the sample for both the amplitude modu-
lation alone and the double modulation cases.
_ ‘9_52 The condition represented in Fig. 1 corresponds to a
F,=VM,——. 1) , P ; : . .
Jz simple radiation amplitude sinusoidal modulation at fre-

quency w. [Fig. 1(@] and a double modulation field-

The magnetizatioM, of the sample can be changed by amplitude at two frequencies that differ from each other by
magnetic-resonance processes produced by submitting the. [Fig. 1(b)]; w, is the Larmor frequency of the spin sys-
sample to resonant irradiation; the torsion of the cantilevetem. If the wave amplitude is controlled by a switch, the
changes accordingly. The mechanical resonance of the levstructure of the spectrum includes a larger number of com-
can be usefully employed to amplify the phenomenon, proponents but the frequency difference between each couple of
vided that the magnetic-resonance processes are modulatggectral components remains the same.
at a frequency coincident with the resonance frequency of It must be remarked that the actual irradiation scheme and
the lever itself. The related oscillations of the cantilever areghe use of the observabM, in MRFM experiments indi-
detected with optical method@terferometric or optical le- cates a close connection with the phenomenon of LODESR,;
ver methods In some cases the inverted configuratén, in the following section the theoretical predictions of
where the cantilever supports a small magnetic particle gel-ODESR method will be shortly summarized and used to
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calculate the MRFM signal. Successively a comparison ofnonochromatic transverse electromagnetic waves oscillating
experiments with the two procedures will evidence the conat frequencies, andwg, both nearly resonant with the Lar-
ceptual identity of the two techniques; special attention willmor frequencyw, of the system.

be paid to the effects of relaxation times that disclose differ- In the “dressed atom” formalism the total Hamiltoni&h

ent perspectives to the MRFM procedure. is written as

lll. THE LONGITUDINAL DETECTED MAGNETIC H=Hgs+Hg+H,, (2

RESONANCE where the HamiltoniaHg of the isolated spin system, the

(LODESR) is a technique proposed and observed severdPnianH,, in#=1 units, are given, respectively, By
years agd??*the theoretical interpretation of the phenom-

enon was progressively refined while experiments showed Hs=o,S,,

the information potential of this techniqé&?® The basic
phenomenon investigated involves a spin system interacting
with more than just one nearly resonant wave at magnetic M1 (9 ot
resonance. Some of the drawbacks present in the usual Bloch Hi=H"+H”=gug(w/2V)"(a,+a,)S

equation formalism in the rotating system were avoided b 12/ o

uging the second-quantization f%rn):alism for an arbitrar))// TOupl@d2V)THasTag)S,, 3)
number of waves interacting with the magnetic system. Bya: , a: and a, ,as being the creation and annihilation opera-
this way the different Hamiltoniangof the system, of the tors of the two wavesy the volume where the electromag-
I’adiations, and of the SyStem-radiation interact)dl)’&:ome netic (em) waves are present, an'qa the Bohr magneton_
time independent; the interaction operates on eigenstates ¢ the following, the caseS,=1/2 will be considered for
the system-radiation and only eigenstates nearly degeneraignplicity. In order to study the resonances, a nearly degen-
must be consideretl. Resonances are obtained by a diago-erate manifold of the HamiltoniaH s+ Hgr must be consid-
nalization of the whole matrix including the effects of the greq, represented on the basis of the eigensfatgs ,n),
interactions on the states direct product of radiation and magyherem s the spinz component occupation number and,

netic system states. The line shape of the different reso- ne the photon occupation number for the two electromag-

nances were obtained by using the density-matrix formalismygatic waves. The set of degenerate states is then
and the phenomenological description of the relaxation pro-

cesses by the transversal and longitudinal relaxation times of |—1/2n,+1,ng)

Bloch equations. A long series of papers deeply elucidated 1/2

the different phenomena observed mainly in electron |212nng)

paramagnetic-resonance conditiéAs>* Here only some |—1/2n, ,ng+1)|+1/2n,—1ng+1)

generalities of the theory will be recalled in order to under- . : (4)

stand the peculiarities of the phenomenon and the connec-

tions with MRFM and to predict some very important prop- the states for simplicity can be labeled with a single index,

erties of the micromechanically detected magneticstarting from the statef9),|1) corresponding to the central

resonance. states of the succession defined in relatidn The represen-
The simplest LODESR phenomenon involves a spin systative matrix of the total Hamiltoniafisee Eq.(2)], apart

tem (in the case considered here an electron §pinzbeing  from a constant diagonal ternm(w, + Ngws— w,)/2, is writ-

the direction of the static magnetic figliradiated with two  ten as

Hre=HO+HY =wa'a, +wala,,

A0 , (5)
Ne Ap N\,
Ne Ay N
Ne Aj+A,
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whereA ;= ws— w,~w,— w,, Ary=w,—wg, and\, and\gs linewidth depends only oif,. If on the contraryw, is kept
are the matrix elements &f, between the couples of states fixed andA, is varied, the spectrum observed depends on the
of the degenerate set for theinds waves, respectively. The values of the relaxation times; in particular when the condi-
resonances of the system are calculated by diagonalizing thisn T,>T, holds (condition fulfilled in the majority of
matrix (5) and considering the degenerate eigenvalues. solid-state sample¢ghe amplitude of the detected line still
The line shape of each resonance is obtained by using th#epends on the produ€t T, and the line shape is connected
density-matrix formalism. The density operator for the totalonly to T;, since variations of the signal driven By occur
interacting spin-radiation system can be conveniently writterin a far larger frequency range. It is worth noting that both
asp=potD, wherep, is the density operator at the ther- field and frequency swept experiments give information
modynamic equilibrium and takes into account the relax- about the longitudinal relaxation time. The LODESR signal
ation mechanisms. The operat@ obeys the evolution even connected to a nonlinear process was observed also for

equatiod: = rather low values of the saturation factér*
. It must be pointed out that the theoretical findings of the
I—D:[H D]- BlHgr,H] 6) preceding section were referred to the case of a spin-1/2
T ' Tr{exd —B(Hs+H) 1}’ system. IfS#1/2 (as for Mrt" ion that hasl =5/2 andS

wherei/ 7 is the relaxation superoperator agd= 1/kgT the :5/2.)’ t_he matrix elements of Fhe fn_ald-spm Interaction
HamiltonianH, between a state with spin quantum number

Boltzmann factor. Equatio6), represented on the basi, Mg and a state with spin quantum numbe=1 are ob-

is an equation system for the different matrix elemddis. ; . .
; ' ined from the corresponding matrix elements &5+ 1/2,
Because of the high number of present photons, states corr}esst by multiplying them with the factofS(S+1)—M (M

sponding to the same eigenvalue of the spin momentum ar ) ; :
all physically equivalent, so the recurrence rulg, ; filt)r]m . However tlhe tc%mplzte é:/azlculztéo_nscl);t.he line ;shhape
=D kj+« holds, wherek=2(S,+1). Thei/ operator can or thé more complicated cases ands= IS over the

: findings of this work.
be phenomenologically represented by LODESR experiments were carried out with both a cw

i two-wave scheme and a single wave sinusoidally

. T_D"j , 1= modulated®* LODESR spectroscopy has been performed

! DI = _1 7) also in a pulsed way, using only one source of the e.m. wave.

7L I—D- iz Describing the e.m. pulses with a Fourier series and looking
T, b ' into the magnetic field(t) of the e.m. wave of frequency

wg amplitude modulated with a periot,, leads to
Consequently, after the trace calculation the systém
become#+?’ k
i 5 B(t)=B Zk b,sin(wo+ Nwmt, (10)
s
ﬂDi,j:[H,D]i,j—ZSZ—+1[HR,H|]i,j- 8 B
whereB is the amplitude of electromagnetic wave dndare
It must be noticed that the matrix elemeDt; corre-  the coefficients giving the amplitude of different spectral
sponds to a process involvifig- j| photons. In the search of components. The irradiation with pulses spectrally corre-
elements accounting for the first harmonichdf (oscillating  sponds to an irradiation with a set of harmonics spaced by a
at the frequencyA,=|w, — w4|), the solution of the system frequency equal to the rate of repetition of the pulses. Figure
(8) must be obtained for elements of the tyPg;.,. Ex- 2 shows the stick spectrum of irradiation schemes in
ploiting the recurrence rule it is sufficient to calculate theLODESR experiments with different configurations. A direct
termD,. For this only the terms corresponding to a processnspection of Figs. 1 and 2 suggests the basic identity of the
involving a number of photons compatible with experimentsirradiation scheme for the MRFM and LODESR cases, pro-
can be retained in relatiofB) and analytical approximate vided that|w, — wg¢ = w,.

solutions are obtained?* By assuming\,=\¢ the re- In addition, M, being in both experiment8MRFM and
sponse of the system for the componentof oscillating at LODESR) the physical observable of interest, it is straight-
the frequencyd, is given by forward to conclude that the above spectroscopies give the
5 same information about the properties of the magnetic sys-
HIT,T w w tem.
Mz(Az)M i1 112 i r + i S .
—+A4, T_2+(w0_wr) T_2+(ws_w0)

T, IV. THE LODESR BY MICROMECHANICAL DETECTION

® The LODESR detection technique is performed induc-
Equation(9) presents some interesting features. In fact theively (a coil pair with the axis parallel to the static magnetic
information content depends on the procedure of the experfield detects the signal relative to tihé, oscillation while
ment. If the value ofv, is changedi.e., the magnetic field is the signal related to the mechanical detection of the magnetic
swep) and A, is kept fixed two resonances are observedresonance observed in an MRFM experiment is just the lon-
whose amplitude depends on the prodiigl, while the gitudinal component of the magnetization transduced by the
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A ;
e.m. signal <
P(w) J
two waves (a) . '
modulation coils
(1)S (or
“3 ™1 %5 " sine modulation (b)
m m
@,
switch modulation (c)
t--»>le--ple-ple--»
I Wgy bsw Ogyy (Dswl _
(DZ 03 in
lock-in
FIG. 2. Effective radiation spectrum seen by the sample when modulation —3ref »mrfm signal
(a) two waves oscillating at frequenays and w, are applied,b) AFC

the amplitude of one wave is modulated by a sine wave,(@ntthe
amplitude of the one wave is modulated by a switoh-off) con-

trol FIG. 3. Block diagram of the overall experimental apparatus.

mechanical oscillator used for the force detection instead ofmagnesium oxide powder with manganese chloride, whose
the caoil. weight was 7% in respect to the MgO one. The obtained
To investigate experimentally the similarities of LODESR compound was dried at 110 °C, mixed, and heated at 600 °C
and MRFM techniques, a series of measurements were pein air for 1 h and then fired at 1000 °C for 5 h, following the
formed employing the 23 GHz apparatus described in detajprocedure reported in Ref. 23. The result of this procedure
in Ref. 14. The spectrometer is a multipurpose, home-builtvas to carry out a sample in which two distinct phases were
instrument capable of detecting the electron paramagnetigresent: some of the M ions diffuse through the microc-
resonance phenomenon in three ways: usual electromagnetigstals of MgO and give a paramagnetic spectrum consisting
detection, force detectiotMRFM sample-on-cantilever op- of six sharp hyperfine lines§,=5/2, | ,=5/2).
erating modg and torque detection. The latter technique The major part of the Mfi" ions remains in a precipitate
takes inspiration from a series of works of the 196Rsf. 4  phase and originates a paramagnetic spectrum consisting of
and is described also in a recent paper concerning measurese line strongly broadened by dipolar interaction. Time and
at low fields(400 MH2).1 temperatures of the sample handling affect the overall ob-
The present spectrometer is based on the use of a dieleserved line shape. In particular it must be pointed out that the
tric resonator working in a whispering gallery resonancerelaxation times of the two species contributing to the ESR
mode(WGM) configuratiori®*® that allows a simple optical signal are by far different, the concentration of the two
access to the region where the cantilever is placed and thahases and then the relaxation interactions being very differ-
shows very good characteristics at the frequency of interes#nt in the two cases.
and, in perspective, also at higher fields and frequencies. The The sample prepared with the above procedure was glued
cantilever motion is detected by an apparatus based on than the tip of a commercial silicon nitride cantilevéfrom
optical lever method, implemented to work with distancesPark Scientific Instrumentand then placed in the spectrom-
between the laser source and the cantilever of the order of 3&ter in close proximity of the dielectric resonator operating in
cm; a recent upgrade of the experimental setup allows theshispering gallery modes. By this way the resonating radia-
system to operate under vacuyat a pressure of about 10 tion wraps the sample.
mTorr) increasing the sensitivity of the instrument by a fac- Figure 4 shows the ESR signal electromagnetically de-
tor (Quac/ Qai) *2 Q being the mechanical merit factor of the tected; the signal as usual is in derivative shape, being ob-
loaded cantilever. The magnetic-field gradient is generatethined by modulation of the static field by a pair of coils in
by a small iron cylinder 1 mm in diameter and 4 mm long, Helmholtz configuration and phase detection of the signal
placed in the proximity of the cantilever by a three-axis mi-coming from the detector. The large, broad line is due to the
cropositioning translator. precipitated phase of Mii ions. The slight distortion of the
Experiments were performed modulating on-off the inten-large broad line is due to some paramagnetic impurities
sity of the e.m. field at the frequency of mechanical resopresent in the resonatda cylinder of aluming having the
nance of the cantilever usingpai-n diode switch. The block g-factor value very close to the one of Kfh Arrows indi-
diagram of the apparatus is reported in Fig. 3. cate the position of five of the six lines related to the hyper-
Measurements were performed, using the three differerfine interaction of the Mfi'ions diffused in microcrystals;
detection schemes, on a paramagnetic sample constituted tiye other line occurring in the most intense part of the broad
a micrometer-size (6060x 100 um)?® grain of MgO doped  spectrum is not easily observable.
with MnCl,. The specimen was prepared by impregnation of The observation of the micromechanically detected ESR
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. . . Magnetic field sweep (mT)
FIG. 4. ESR signal of a grain of MgO doped with MpGlec-

tromagnetically detected. FIG. 6. ESR signal of a grain of MgO doped with MpGbrce
detected with high gradient magnetic-field value.

signal of the same sample is obtained simply by pulling

down the pressure at the sample up to 10 mTorr, switchingut by reducing the distance between the iron cylinder and
the microwave power on-off at a frequency of 705.35 Hzthe cantilever integral with the sample: it the broadening of
(the resonance frequency of the micromechanical oscillatofhe linewidth is visible, while the central line is still unde-
integral with the samp)eand activating the optical oscilla- tectable.
tion detection. Measurements have been performed with different inten-
Figure 5 shows a spectrum micromechanically detectedities of the irradiating wave. Figure 7 reports results ob-
from the same sample as in Fig. 4. The shape of the line igined detecting the first harmonithe signal oscillating at
nonderivative because the parameter modulated is the micrghe mechanical frequency of the cantilevef the detected
wave field amplitudé.The spectrum appears completely dif- signal: the amplitudes of the signal confirms, as expected
ferent in comparison with the previous one: in fact the sixfrom theory, the linear dependence of the first harmonic sig-
hyperfine lines are well evident while the large broad linena| intensity on the power of the irradiating wave.
Completely vanished. The result is identical to the one shown To obtain a Comprehensive description of phenomena re-
for a similar sample in Ref. 23. In that case the comparisonated to the micromechanical detection of the paramagnetic
was between an ESR spectrum and a LODESR spectrumgsonance the torque detection methwes also investigated
performed on the same sample. This is not surprising if ongyith the same sample. This method is based on angular mo-
considers that in both casé@sODESR and micromechanical mentum conservation, and detects the macroscopic torque
detection the signal intensity is proportional to the longitu- acting on a magnetized sample during an ESR experiment as
dinal relaxation timeTl as predicted in previous paragraphs.a consequence of absorption of angu]ar momentum of pho_
It must be pointed out that the hyperfine lines in the casgons. In fact the angu|ar momentum of the photons ex-
of micromechanical detectiofsee Fig. $ are broadened be- changed during the resonance process reveals itself as a mac-
cause of the presence of the magnetic-field gradient as a@scopic torque, parallel to the static fighg acting on the
essential element of the teChnique. The SDECtrUm reportEd %mp]e and detected in this case by the ’Cant”ever_ The ex-
Fig. 6 for comparison is obtained with the same sample, bugerimental setup is very similar to the case of the force de-
acquired with an increased value of the field gradient, carriegection, it is sufficient toremove the field gradient source and

8 —
< £’ .
§ S
.6 o e
) = 6
8 8 R
N’
— ()
<S4 L O 4 b
go 3
= ]
(,2 (_l L]
=2 | €, .
©
2 o
0 | | | | S o | | | | |
0 20 40 60 80 ) 0 0.2 04 0.6 0.8 1
Magnetic field sweep (mT) Microwave power (arb. unit)
FIG. 5. ESR signal of a grain of MgO doped with MGbrce FIG. 7. First-harmonic amplitude of the ESR force detected sig-
detected. nal.
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N

point of view giving a rich information about the different
relaxation processes of studied materials.

V. ACHIEVEMENTS AND PERSPECTIVES

The results here presented give an insight in the interpre-
tation of MRFM phenomenon. The achievements of this
work can be summarized as follows.

(1) The process underlying the MRFM spectroscopy has a
well distinguished nonlinear character.

(2) The theoretical approach used for the case of

Torque signal (arb. unit)
T

0 | | | LODESR spectroscopy completely accounts for the effects
0 20 40 60 observed with the MRFM method.
Magnetic field sweep (mT) (3) In both the above methodologies the role of relaxation
times was clarified.
FIG. 8. ESR signal of a grain of MgO doped with MpGbrque Different applications can be envisaged, and the capabili-
detected. ties of that spectroscopy are enhanced, allowing a more deep

study of all the systems where the relaxation processes

to rotate byw/2 the cantilever in order to detect the cantile- present a spat'ial distrjbutio_n. As examp'les liquid-crystal SYys-
ver deflection due to the torque. This procedure implies thd€MS With partial spatial orientation, solid-state systems with
detection of the transversal component of the samplétresses’ and systems with concentration gradients can be
magnetizatioh whose intensity and shape are connected tgluoted. In conclusion the considerations reported here ac-
the transversal relaxation tim@s. This is evidenced by the count for mcre_ased effectiveness of th_g MRFM technique
spectrum reported in Fig. 8 where the torque ESR signal ofhat shows an improved contrast capability.
the same sample used for previous experiments shows essen-
tially only the single broad line previously observed by the
standard electromagnetic detection. The signal relative to the We thank Professor G. Alzetta, Professor C. Ascoli, and
Mn2* diffused in MgO microcrystals in this case is not vis- Professor I. Longo for discussions, suggestions, support, and
ible, due to the fact that the torque method is less sensitive dtterest. Authors gratefully acknowledge the financial sup-
high frequencies, having a signal-to-noise ratio that dependsort by Ministero Universita Ricerca ScientificdMURST)
linearly on the field and making this technique particularly Italy. The access to research infrastructure action of the Im-
appealing at low fields. proving Human Potential Program of the European Commu-
In conclusion MRFM technique turns out completely nity is gratefully aknowledged for Contract No. HPRI-CT-
equivalent to the LODESR spectroscopy from a conceptua2000-40022SENTINEL).
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