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Damping of micromechanical structures by paramagnetic relaxation
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We find that the damping of micromechanical cantilevers is sensitive to the relaxation dynamics of
paramagnetic ions contained within the levers. We measure cantilevers containing paramagnetic Mn
ions as a function of temperature, magnetic field, and the vibrational mode of the lever and find that
the levers’ damping is strongly enhanced by the interplay between the motion of the lever, the ions’
magnetic anisotropy, and the ratio of the ions’ longitudinal relaxation rate to the resonance
frequency of the cantilever. This enhancement can improve the levers’ ability to probe the relaxation
behavior of paramagnetic or superparamagnetic systems; it may also represent a previously
unrecognized source of ‘‘intrinsic’’ dissipation in micromechanical structures. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1577385#
th
to
h

th
r

a
ti
o
ls
th
ob
e

f
-
e

ca
th
hi
in
a
a

ic
le
he
o

ic
ay

i-

ic
se

el-

cu-

00-
a of
ted
etail

tic
de-
ple

ra

o

si

ma

m-

r

The damping of a micromechanical structure reflects
flow of energy from the structure’s macroscopic motion in
the microscopic degrees of freedom of its environment. T
dissipation can provide quantitative information about
response of the environment to the motion of the structu
Electrostatic coupling,1,2 magnetic domain wall motion,3,4

thermoelastic effects,5 and a number of other phenomen
have been probed with exceptional sensitivity and/or spa
resolution by measuring their effect upon the dissipation
micromechanical structures. However, this dissipation a
limits the ultimate sensitivity of measurements which use
narrow resonance of micromechanical structures to pr
conservative forces ~e.g., magnetic resonance forc
microscopy,6 torsional magnetometry,4 and some types o
atomic force microscopy!.7 At present the dissipation mecha
nisms which limit such measurements are not well und
stood.

In this letter we demonstrate that a micromechani
cantilever’s damping can provide a sensitive probe of
relaxation dynamics of paramagnetic ions contained wit
the lever. We measure the damping of cantilevers contain
paramagnetic ions as a function of temperature, applied m
netic field, and the vibrational mode of the lever. We find th
our results can be explained by a simple model in wh
energy from the macroscopic motion of the lever is coup
to the ions’ magnetic anisotropy and then dissipated by t
longitudinal relaxation. In addition to providing insight int
the relaxation dynamics of small magnetic systems~of im-
portance to their use in data storage or spintronic appl
tions!, the damping resulting from this effect may also pl
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an important role in limiting the ultimate sensitivity of m
cromechanical oscillator measurements.

The paramagnetic ions studied here are Mn21 in a
Zn0.87Cd0.13Se host. The spin-5/2 Mn ions are isoelectron
with their host material, and at the concentration of the
samples~;1%! are known to be paramagnetic over the r
evant temperature range.8 The epilayers which form both the
magnetic samples and the cantilevers are grown by mole
lar beam epitaxy~MBE! as a single hybrid III–V/II–VI het-
erostructure@Fig. 1~a!#.

The heterostructure is patterned into free-standing 1
nm-thick GaAs cantilevers, each of which supports a mes
the magnetic material. The fabrication of these integra
cantilever/sample structures has been described in d
previously.9

Figure 1~b! is a scanning electron microscopy~SEM!
photo showing a cantilever of lengthL5250 mm supporting
a 40 mm3100 mm rectangular mesa of the paramagne
II–VI material. The levers used in the measurements
scribed here are nominally identical except that the sam
mesas are 15mm radius disks~containing;23109 Mn21
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FIG. 1. ~a! Schematic of the MBE-grown heterostructure. The 10.5-n
thick magnetic layer is grown as a digital alloy~seven iterations of: 1/16th
monolayer of MnSe followed by 4 15/16th monolayer of Zn0.87Cd0.13Se).
The etch stop layers are grown as a random alloy (Al0.7Ga0.3As). ~b! SEM
photo of a 100-nm-thick, 250mm long cantilever supporting a rectangula
mesa of paramagnetic~Zn,Cd,Mn!Se.
2 © 2003 American Institute of Physics
P license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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ions!. Measurements were performed with the cantilev
mounted in a sorption-pumped3He cryostat10 over a range of
temperature 0.32 K,T,10 K. A magnetic fieldH was ap-
plied normal~6;3°! to the plane of the sample. A piezo
electric crystal was used to drive the cantilever with an a
plitude x, which was measured by an optical fib
interferometer. The interferometer used a 1310 nm laser w
,30 nW of power to minimize unintentional heating of th
sample. ForT,10 K, the lowest flexural resonance of th
cantilever wasv1/2p5835 Hz. Similar structures were use
in earlier work to measure the equilibrium magnetizationM
of integrated samples.9,11 Here we focus exclusively on th
damping of the cantilever.

The damping of the cantilever is characterized by
energy it dissipates in each period of its motion,DE1

5pk1x2/Q1 . Here k1 is the spring constant of the lever
lowest flexural mode~calculated from the dimensions of th
lever to be 731025 N/m! andQ1 is the quality factor of the
lowest flexural mode. We use two methods to determ
DE1 : in the first we drive the cantilever atv1 using a phase-
locked loop and vary the strength of the drive to maint
constantx ~;100 nm!. This drive is proportional toDE1 ,
but does not provide an absolute value. In the second me
we measure the resonance curve of the cantilever and fi
data to extractQ1 . This approach is more time consumin
but provides an absolute value ofDE1 .

Figure 2~a! showsDE1 as a function ofT for different
values ofH. The data shown as lines were taken using
first of these methods. The absolute scale of each curv

FIG. 2. ~a! DE1 as a function of temperature for various values of t
applied magnetic field. Inset: resonance curve of the lever atT50.32 K,
B52 T ~open points! and fit to a damped simple harmonic oscillator~solid
line!. ~b! DE2 as a function of temperature for various values of the app
magnetic field. In both plots the solid lines are taken as the temperatu
the cryostat is slowly changed. The solid points~d H50 T; j H50.4 T;l
H51 T; m H52 T! are from fits of the cantilever resonance taken at fix
temperature. The dashed line in~b! is a guide for the eye.
Downloaded 31 Jul 2003 to 130.15.24.232. Redistribution subject to AI
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Fig. 2~a! was then determined by measuring the resona
curve of the lever at several different values ofH and T,
shown as solid points in Fig. 2~a!. One such resonance curv
and its fit are shown in the inset of Fig. 2~a!.

The data show a strong temperature dependence dow
0.32 K, indicating that thermal contact is maintained b
tween the cantilever and cryostat. At temperatures belo
K, the presence of a magnetic field produces a dramatic
crease inDE1 . For H52 T, DE1 is peaked nearT50.6 K.
This is in marked contrast to the data forH50 T, in which
DE1 varies by only;2% over the same temperature rang

The data forH50 T are similar to those from cantilever
which do not contain paramagnetic ions, and correspon
the lever’s intrinsic~nonmagnetic! mechanical dissipation
The increase ofDE1 for H.0 T is only observed in levers
containing paramagnetic ions. In order to understand the
gin of this additional damping, we note that paramagnets
an oscillating magnetic field produce dissipation when th
longitudinal relaxation rate 1/T1 and the frequency of the
oscillating field are comparable. For Mn21 in II–VI host
materials,T1 increases dramatically with decreasingT, and
data12 for T.2 K suggest that in the temperature ran
shown in Fig. 2~a!, 1/T1 should approachv1 , thereby mak-
ing it possible for the motion of the lever to produce dis
pation via the paramagnetic ions.

The oscillation of the lever in the static, uniform ma
netic field H is equivalent to an oscillating magnetic fie
because of the nonzero~but weak!13 magnetic anisotropy of
the Mn21 ions. This can be understood as follows: in a sta
applied fieldH the six Zeeman levels of the Mn21 ion are
each split byEz'gmBH, whereg is the Lande´ g factor for
Mn21 andmB is the Bohr magneton. However, the presen
of any magnetic anisotropy in the sample will causeEz to
depend also upon the angleu betweenH and the sample.14

Thus as the sample rotates with each oscillation of
lever,15 the splitting of the Zeeman levels will change by a
amountDEz'u1]Ez /]u, whereu151.377x/L is the ampli-
tude of the sample rotation. This is formally equivalent to
oscillating magnetic field parallel toH of magnitudeHac

eff

5DEz/gmB .
In order to compare this model with the data in Fig. 2~a!

we note that for weakly anisotropic paramagnetic ions wit
single relaxation timeT1 in an oscillating magnetic fieldHac

of frequencyv superposed on a parallel static fieldH, the
energy dissipated per period of the oscillating field is giv
by16

DE5pHac
2 xdc

vT1

11v2T1
2

. ~1!

Previous measurements have shown that in these mate
the dc magnetic susceptibility is given byxdc5]M /]H
}]B5/2(y)/]H whereB5/2 is the spin-5/2 Brillouin function,
y55gmBH/2kBTeff , and the effective temperatureTeff(T) is
somewhat higher than the physical temperature and refl
the weak interactions between Mn ions.17 If as a first ap-
proximation we make the assumption thatxdc is the only
quantity in Eq.~1! which varies appreciably withT or H,
then the temperature dependence of each curve in Fig. 2~a! is
simply that ofxdc. In this case theH50.4 T andH51.0 T
data can be understood as reflecting the conditiony&1.

d
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When this condition holdsxdc(T) and, hence,DE1(T) ex-
hibit Curie-like behavior~i.e., both increase roughly as 1/T),
as seen in the data of Fig. 2~a!. For H52 T, this condition is
violated and asT decreasesxdc(T) and henceDE1(T) reach
a maximum and then fall off, reflecting the saturation of t
paramagnetic spins asy@1.

We can refine this model by making use of the kno
trend ofT1(T).12,18In order to do this we drive the cantileve
at its second flexural resonancev2/2p57625 Hz and mea-
sure DE2 , the energy dissipated per period of the canti
ver’s second flexural mode. In this data@shown in Fig. 2~b!#
the peak inDE2 for H52 T is shifted to nearly twice the
temperature of the peak in theDE1 data. Additionally, a peak
emerges in theH51 T data forDE2 , whereas no peak wa
observed inDE1 for H51 T down to 0.32 K@Fig. 2~a!#.

This dependence ofDE(T) upon v results from the
Drude-like term in Eq.~1!. This term depends only upon th
quantity vT1(T); becauseT1(T) decreases with increasin
T, an increase inv means that a given value ofvT1(T)
occurs at higherT. This shifts the overall curve ofDE(T) to
higherT whenv is increased fromv1 to v2 , as is observed
in Figs. 2~a! and 2~b!. Figure 3 illustrates this effect over
broader range of temperature forH52 T.19

From this analysis we can conclude that in general
dissipation effects studied here are strongest when the
lowing conditions hold:vT1 is of order unity,xdc is large,
and the anisotropy~and, hence,Hac

eff) is also large. In our
measurements, the long relaxation time of the Mn21 ions
ensures that the first condition is approached at low temp
ture. However,xdc in these ions is merely typical for para
magnets, and their anisotropy is notably weak.13 Given the
dramatic impact upon the lever’s dissipation observed h
the presence of even a small number of paramagnetic
ments in a micromechanical structure~arising from uninten-
tional impurities, broken bonds, or nuclear spins! may be a
dominant source of dissipation. We note that the strong m
netic field and temperature dependence observed4,20 in the
dissipation of nominally nonmagnetic cantilevers may ar
from these effects.

The ultimate sensitivity of a cantilever as a detector

FIG. 3. DE1 and DE2 as a function of temperature atH52 T. Each data
point is acquired with the temperature of the cryostat held constant. S
symbols are measurements of the drive amplitude required to maintain
stant cantilever amplitude; hollow symbols are from fits of the cantile
resonance curve. The lines are guides for the eye.
Downloaded 31 Jul 2003 to 130.15.24.232. Redistribution subject to AI
-

e
l-

a-

e,
o-

g-

e

f

paramagnetic relaxation is set by the minimum resolva
dissipation. In our current setup, the intrinsic~nonmagnetic!
dissipation of the levers is typicallyDE1(H50);2
310222 J @Figs. 2~a! and 3# with changes of 1% resolvabl
in a 1 s measurement, corresponding to a sensitivity of
310224 J. The present sample produces a maximum sig
roughly 103 times larger than this@Figs. 2~a! and 3#, imply-
ing a sensitivity to;23106 Mn21 ions. BecauseDE scales
as the square of the magnetic anisotropy, a suitable choic
ion and host material may improve this sensitivity subst
tially. This enhancement may also allow this technique to
applied to the study of the relaxation of single magne
nanoparticles or magnetic molecules, many of which sat
the requirement of strong anisotropy, and whose relaxa
rate is directly related to their crossover to superparam
netic and quantum tunneling regimes.21
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