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An experimental determination of the magnitude of the Sternheimer antishielding factor 1 -,
for the Li* ion by means of acoustic nuclear magnetic resonance (acoustic NMR) of Li’ in single-
crystal LiF is presented. It was found that |1~vy,|=3.4+ 13%, corresponding to an antishield-
ing effect. This may be compared with theoretical calculations by other investigators which
give 1—-v,=0.75, a small shielding effect. The shape of the acoustic NMR line for H parallel
to the [001] direction was found to be approximately Gaussian with a second moment AH2=(5.1
+0.8)2 G%. A theoretical calculation of that second moment was carried out, assuming only
magnetic dipole-dipole interactions between nuclei, and yielding AH?=5, 9 G? in good agree-
ment with this experiment. Experimentally, the LiF crystal was cooled in liquid helium to
4.2°K and placed in a steady magnetic field H. Acoustic waves at twice the Li’ Lamor fre-
quency were introduced into the crystal by means of a plezoelectrlc transducer. The resulting
periodic distortions of the crystal modulated the mteractmn Q VE between the nuclear electric
quadrupole moment Q and the electric-field gradient vE generated transitions among the Zee-
man energy levels. These transition rates were measured by observing the rate of change of
the amplitude of an ordinary (nonacoustic) NMR signal. The transition . rate expected for a
point-charge model of the crystal was calculated to be proportional to (Q VE)Z, and, using the
known value @ =0.043 barn, was smaller than the experimental transition rate by a factor of
11.8. Additional calculations were made which showed that covalency and overlap should have
a negligible effect on VE, making it possible to ascribe this factor of 11.8 solely to antishield-
ing. The ratio of the actual transition rate to that calculated is equal to the square of the anti-
shielding factor: (1 —7.)%=11.8 so that [1— Y | =3.4, with an estimated probable error of 13%.

L. INTRODUCTION perimental forms. One, the dissipation method,
which was developed by Bolef and Menes, "® makes

In this paper we report an experimental deter- use of the marginal oscillator as in ordinary NMR.
mination of the Sternheimer antishielding factor The other is the saturation method, used in this
for the Li” ion in lithium fluoride. The experi- present experiment, which depends on the satura-
ment makes use of the method of ultrasonic satu- tion of NMR lines as a consequence of the transi-
ration of the lithium NMR line. tions induced by the acoustic effect.

This method was first conceived by Kastler!® and In the saturation method, one observes the time
entails the modulation of the quadrupole coupling rate of decrease dS/dt of the NMR signal S. Then
energy by means of acoustic waves at the proper if M is the magnetization of the sample,
frequency to generate transitions among the nu- 1 ds 1 dum
clear Zeeman states. This effect, first demon- Sat M- KP | 1)

strated by Proctor and Tantilla? and later by other
investigators®~!2 is observed in two different ex- where the latter equality depends on the existence
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FIG. 1. Cubic crystal of LiF in a steady magnetic field

H. (a) Zeeman energy levels of the Li’ nucleus. The

Am =+ 1 and Am =+ 2 transitions are indicated by the
dashed and solid lines, respectively. (b) Coordinate sys-
tem and orientation of the crystal in the magnetic field.
The X, Y, and Z axes are fixed in space with H along Z.
The crystal [010] axis coincides with ¥ and the crystal
may rotate about it through the angle §. At =0 the crys-
tal [100] and [001] axes coincide with X and Z, respec-
tively. The transducer is cemented on the (100) face.

of a spin temperature, P is the transition rate be-
tween two nuclear Zeeman levels involved in the
process, and K is a small number depending only
on the nuclear spin I and the two particular energy
levels selected. It is possible to calculate P direct-
ly, given knowledge of the dynamic quadrupole
coupling energy‘é: Vﬁ(t), where 6 is the nuclear
electric quadrupole tensor and VE is the electric-
field gradient at the nucleus. Knowledge of ‘Q' fixes
the value of the component of VE appropriate to

the particular transition [Am=1%1 or Am=+2,

Fig. 1(a)] being induced, but since one knows only
(at best) the amplitude, polarization, and direction
of the acoustic wave, it is necessary to determine
the relation between those latter factors and VE.

Calculations of E(t) on the point-charge model
of the lattice have been shown to be inadequate be-
cause of the effects of covalency, ** overlap, * and
antishielding. '® Since the experiments do not af-
ford a separation of these effects it has been neces-
sary to calculate their magnitudes, and the accura-
cy of the results depends on the details of the cal-
culations and the wave functions employed.

In the case of the Li” ion in LiF it might be ex-
pected that, because of the small structure of the
ion and the high ionicity®® of the bond, covalen-
cy and overlap should have a minimal effect. Using
the theories of Yosida and Moriya'® to assess the
covalency effect and of Kondo and Yamashita!* for
overlap, we find that both are negligible compared
to our experimentally observed deviation in VE
from that of the point-charge model. Because they
are negligible, the absolute accuracy of their cal-
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culation is not critical and it is possible to as-
cribe the deviation in VE solely to Sternheimer
antishielding,.

Since the transition probability goes as (VE)2 and
VE=(1-v.)VEpc, where VE ¢ is the electric-
field gradient on the point-charge model, it is
possible to determine only the magnitude |1 -7y, |
of the antishielding factor, for which we get a val-
ue 11-7v.,1=3.4+0.4.

II. THEORY

In this section we calculate the transition rate
among the Li’ nuclei Zeeman states [Fig. 1(a)] as
induced by the time-dependent field gradient
Vﬁ(t) created by longitudinal waves in the LiF crys-
tal. We consider only 4&m =2 transitions and take
the point-charge model, augmented by the Stern-
heimer antishielding factor (1 - v.,), for VE. We
use the theories of Yosida and Moriya and of Kondo
and Yamashita to estimate the effects of covalency
and overlap and find that they are negligible. In
addition, the second moment of the acoustically
observed line shape is calculated for comparison
with the experimental results.

A. Transition Rates

The quadrupolar-perturbed Hamiltonian can be

written!”
+2

:K)Q = Z; Qu W-u s (2)
ua=2
where @ and W are the spherical components of
the electric quadrupole moment and electric-
field-gradient tensors, respectively. For Am =2
transitions we need consider only the u =+ 2 term!”:

eQ V6

_ % @YY

Q+2‘ 1(21_1) 4 I# ’ (3)
1

Wo="375 (V= Vy-2iV,). (4)

The transition rate is given by

2
b gw), (5)

1
P, = 4_%2‘ |U‘Q+2W-z

where g(v) is the normalized line-shape function
and |i) and If) are the initial and final states of

the system. We now follow the theory and nota-
tion of Van Kranendonk!® and arrive at the following
expression for the am =2 transition rate

~
>

Py = o (@)D (a]) (DA, B (&, ) [20)
©)

where

2
@)= (7arep ) lme2

12

m)|? = ze* @

O

for the lithium nucleus, 7= 3§, and Q is its quadru-
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pole moment. We define
(a3) =| (nz-1lgg|ne)| 2= Hng/Mw @)

where 7n; is the number of phonons of wave num-
ber k and angular frequency w, g; is the annihila-
tion operator, and M is the mass of the crystal.

It follows then, that for a cubic crystal, V is the
velocity of sound being independent of k and direc-
tion

2z (qé)kP=E/2MV*? | (9)

where E is the acoustic energy in the crystal. A;
is defined by the expansion of W_, in powers of T;,
the relative vector displacement from equilibrium
of the ith ion from that of central Li nucleus:

W.p=Ag+ 2 VW, Ty, (10)

and, finally, &; is the vector between the equilibrium
positions of the central nucleus and the ith ion.

The above treatment follows Van Kranendonk’s
formalism using his notation, but in deriving Eq.
(6) we have made adaptations to the conditions of
the present experiment: Only longitudinal waves
with k.2 <1 are considered. This procedure dis-
penses with the cosine-type waves of Ref. (18) and
hence we obtain a 2 in the denominator of Eq. (9):
The cosine waves have half the energy but are not
effective in inducing transitions.

The electric-field gradient resides in the A; and
we find, after successive differentiation of the po-
tential due to the six nearest neighbors!®® and in-
cluding the antishielding factor,
X;-iYy)?

a;

Ay =B (— 15X, + 6(X,—iY,-)> y

’

X; -iY,;)?
A,,:ﬂ’{ (_15Y‘_(~i_a§__12_

—Gi(X,—iYi)>
) (11)
A= B <—15Zt (X*i—a‘%i)

and

’

1 e;
Fi= 376 af @7

e; is the charge on the ith ion and X;, Y,, Z, are
the coordinates of the ith ion in the Cartesianframe
fixed in space with the z axis along the magnetic
field H [Fig. 1(b)). The crystal was oriented with
a [010] axis along the fixed y axis and was rotat-
able about this common direction through the angle

6 such that at 6=0 the [100] and [001] axes coincide
with their counterparts in the fixed system. Be-
cause P, varies as ~afA%xa;®, we consider only
the six-nearest- fluorine neighbors!® with inter-
nuclear distance ay= 2. 01 A. We calculate the
following quantity:

G(8) = 2y (A k) (- B)
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A

= 28[(- 9+ 30sin% cos®9)k, &, + 0k, %,

- 30sin®0 cos®0 k,k, + 30 sinb cosé

PPN

X(cos®6 — sin®0) b k, —12ik, k] ,

1 e
P=ovs o -7 (12)

We now consider two cases. Case Irepresentslon-
gitudinal waves along the crystal (rotating) [100]

axis. For this case, we have
|G(8)[2= |G (8)|?= 46%(81 cos?e) , (13)
27 e'Q? E
PZ = sz = Ig ——ﬁa—— m cos*@g(u)(l - ')/.,)2 .
(14)

Case II shows longitudinal waves with isotropic
distribution of # vectors:

|G(8) 2= |G1s0(8) 2= 48% 12(8 - sin®6 cos?6)
(15)
where it is necessary to calculate |Ggo(8) 12 in
terms of the components of k and use the following
averages:

CHERCHERCHES

16
Ry = g . e
This yields
13 e'Q®  Eg()
P,= P50 = 50 7T W(l-h)z )
(17)

where we ignore the small dependence on 6.
B. Covalency

The Li-F bond is not purely ionic so there is an
admixture of covalent orbital around the Li nu-
cleus whose amount depends on the internuclear
distance. If this is a p-type electron, it will set
up a significant electron-field gradient which then
will be modulated by the lattice vibrations. Yo-
sida and Moriya have treated this effect generally
and their formalism is quite similar to Van
Kranendonk’s. The calculations are straightforward
and we get, for the transition rate due to this ef-
fect,

Peov= g (%) De(ah) kB2 (dag?) cos*g(v)

(18)
where the new quantities to be defined are

_ e 1 ,_ OMR)
B=3578 75_> Y= %R

(1/7%) is the expectation value over the covalent
orbital and R is the interionic distance in A. A

is the degree of covalency between the central Li
ion and the nearest-neighbor F ion: It is essen-
tially the square of the coefficient of the covalent
orbital in the total wave function. Yosida and
Moriya take A(R)= Agexp(- R/0. 345). For the pres-
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ent case we take A(ag)=0.014, the total covalency
given by Phillips'® divided by the coordination num-
ber. Considering the extreme case where the co-
valent orbital is wholly 2p, we have from Barnes
and Smith" (1/7°)=0.38 A, Numerically we find
Pcov®>10™ P (point charge) and so the covalent
contribution is completely negligible. Even a co-
valency several times larger would not change the
qualitative result, which is due primarily to the
small value of (1/#%). In contrast, the same calcu-
lation for I'¥" in KI gives

(/7% =122 A Pooy=6x10°P (point charge),
C. Overlap

The formal theory of the overlap contribution to
the transition rate is, as Kondo and Yamashita
note, identical to that for the covalent effect even
as far as the numerical coefficients. The only
difference comes in the identification of A with the
square of the overlap integral IS, |2 where

Suv= f ¢:¢ud7

and ¢, and ¢, are the relevant wave functions of
the two ions. Those authors use the ground-state
free-ion wave functions, but for lithium this is

a 1S wave function for which the expectation value
of the field gradient vanishes. This implies that,
within their approximation, the overlap effect
vanishes as well.

’

D. Second Moment

We calculate the second moment of the reso-
nance line by the method of Van Vleck. We con-
sider as perturbations on the Zeeman energies,
the Li-Li and Li-F dipole-dipole interactions.
This is a special case of the more general moment
calculations of Loudon®® and Sundfors.? We have

2y _ m. [((prp , I3)?)

(AE®) = Tr Trl()
45 Yy 1t 1 2

-5 "—Z‘%—— s (Ef a-3 cosze,,))

7’%.172 1 2 2
+—ag—2,(5{(1-3coso,) , (19)

where v, 7vrare the Li, F gyromagnetic ratios
and R,, 0,; R,, 6, are the distances and polar
angles between the central nucleus and the pth Li
nucleus; Ith F nucleus, respectively, and H is
along the [001] axis. Summing over nuclei out to
a distance 8a, gives

1(AE?

AH?) =
(AH?) YN

=5.9G?.

This is to be compared with the experimental value
of AH?=5.1 G? discussed later.

III. EXPERIMENTAL

The experimental procedure consisted of mea-
suring the relative magnitude of the Li’ NMR sig-
nal from single-crystal LiF before and after in-
troducing the acoustic waves. The two crystals
studied were obtained from semielements and
Harshaw and were cylindrical, 0.64 cm in diameter
and 1. 27 (sample I) and 2. 75 (sample II) cm in
length with (100) end faces and the cylinder axes
in the [100] direction. The Li" relaxation time T,
was adjusted to a convenient value of a few min at
4.2 °K by producing paramagnetic F centers in
the crystals with x irradiation.

The piezoelectric transducers were of Clevite
PZT-5, 0.64 cm in diameter with an active area
0.45 cm in diameter, and were poled so as to pro-
duce compression waves at a fundamental fre-
quency of 10 MHz. The transducers were affixed
to the crystals with “Non-Aq” stopcock grease and
inserted into a holder, around which the NMR
coils were wrapped. They were driven at the
fundamental and third harmonic and the exact
frequencies were chosen to coincide with a me-
chanical resonance of the sample so as to provide
the most efficient coupling of energy into the sam-
ple. These frequencies were determined by plac-
ing the transducer sample system in parallel with
an LC tank circuit, sweeping the frequency across
resonance and noting at what frequencies increased
dissipation reduced the @ of the circuit. Figure
2 shows such a resonance curve for sample I
around 30 MHz. The dips are spaced 257 kHz
apart, in agreement with the spacing calculated
from the sound velocity. From the large reduction
in the electrical @ accompanying mechanical reso-
nance of the sample, we conclude that the energy
finally dissipated as heat originally entered the
crystal as acoustic waves.

The magnetic field 'I:I, parallel to the crystal
[100] axis (8=0°) was adjusted so that the frequen-
cy of a mechanical resonance was twice the Larmor

FIG. 2. Oscilloscope trace of the voltage developed
across the LC tank circuit formed in part by the trans-
ducer sample assembly as the frequency sweeps from
left to right across resonance. The deep dips correspond
to mechanical resonance of the sample.



4338 J.

O—I5VOLTS Ta= 144 sec
0-25VOLTS T, = 97sec
4— 4OVOLTS Tp = 2lsec

15 45 60

30
TIME, sec

FIG. 3. Decay of signal height in sample II due to acoustic
irradiation.

frequency of Li’. The marginal oscillator, built
from the design of Robinson, # was run at a very
low level of rf field (~ 0. 3 mG) to avoid saturation.
At time f=0 the NMR signal height S(0) was mea-
sured, the marginal oscillator was shifted off res-
onance and the acoustic power was applied for
time {,. Then S({,) was immediately measured,

T, being long enough to permit this to be done ac-
curately. The rate of change of the magnetization
can be written

M=-3n(3)-z2n(2)+zn(-2)+3n(-3), (20)
where 7(3) is the population of the m = 3 level, etc.
With spin-spin interactions maintaining a spin
temperature (Ref. 17, p. 140) it is easy to show
that under the acoustically driven Am =2 transi-

tions M will decay exponentially with a time con-
stant T, given by

1/T,=4P, (21)
where P is the Am =2 transition rate. With S
proportional to M we then have

d 1 1

where the second term on the right-hand side
accounts for relaxation back to the equilibrium
signal height S;. For sample II that the second
term was always much smaller than the first, and
T 4 could be determined from a plot of In(S/S,) vs
t (Fig. 3). For sample I (Fig. 4) T,~T, and Eq.
(22) must be integrated, yielding an implicit equa-
tion for T,:

So= Ty (1/Ty+1/T)S(to)
So- T1 (1/T1+1/T4)S(0)

=exp[-(-T1T+ —;7):0] ., (23)
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which was solved graphically for 7,.

Although driving the transducer at twice the
Larmor frequency should prohibit any magnetic
dipole transitions, a check was made during each
run by performing an identical experiment on the
F'® nuclei, which have no quadrupole moment.
Only H was changed to conform to vy, and in each
case there was no effect on the F'° signal due to
the acoustic waves.

Further necessary data are the energy content
E and the sound velocity V. A short pulse of
sound was injected into the sample and its attenu-
ation on successive reflections gave the phonon
lifetime while V could be inferred from the time
between successive reflections. We found V=6. 4
x10° cm/sec, within 2% of that calculated from
the compressibility and for sample I, 7=5.5 usec
sample II 7=35 pusec. The total acoustic power
delivered to the crystal was determined by mea-
suring the excess rate of helium boiloff during
acoustic irradiation. The energy content was just
the product of power and phonon lifetime. The
experimental errors associated with the measure-
ments were estimated to be ~ 2% for V, ~10% for
T,, and ~20% for the power. The latter error
stemmed from the cooling of the upper part of the
dewar during the period of excess flow when the
power was on. As a result the excess helium was
not completely expanded to room temperature
and continued to evolve for a short time after the
power was cut off.

The line-shape function g(v) was determined by
measuring T, for various values of H about H,,
the magnetic field corresponding to the double
Larmor frequency, and with H parallel to the

’

Sample 1

50 Se~S =S, exp (-1/T))

T, =390 sec

Se—S arbitrary units
s
T

20+

1 1
300 600 900 1200
t,seconds

FIG. 4. Polarization curve for sample I. The mag-
netic field is turned on at time ¢ =0 and the NMR signal
height subsequently goes as S=Sy(1—e"t/T1), from which
we obtain S, and Ty.
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TABLE 1. Acoustic transition rates of LiF vs acoustic
power.

Sample I
7=5.5 usec, T1=390 sec,
acoustic frequency ~ 30 MHz, mass=0.96 g.

Transducer T, Power E E/M

Run vV, p-p sec erg/sec erg erg/g
1 18 337  8.5x10° 4.7 4.9
2 18 350 8.5x10° 4.7 4.9
3 21 322 1.1x 108 6.1 6.4
4 24 229 1.4 x 108 7.2 7.5
5 24 240  1.4x10° 7.2 7.5
6 26 227 1.6x 108 9.1 9.5

Sample II

T7=35 usee, T;=840 sec,
acoustic freguency =10 MHz, mass=2,28 g.

Transducer T, Power E E/M

Run V, p-p sec erg/sec erg erg/g

1 15 144  1.1x10° 38.4 16.9
2 25 97  2.3x10° 80 35
3 40 21  8.7x10% 305 134

[100] axis (§=0°). The resulting curve of relative
transition rate (Fig. 5) is well approximated by a
Gaussian, giving a second moment of AH?=5,1

+0. 8 G® which is in good agreement with the value
AH?-5 9 G? ealculated in Sec. IID. From the curve
we also obtain g (v)y.x,= (2. 38 0. 38)x107° H!,
where the errors in the latter determinations were
estimated by considering the range of Gaussians
that eould reasomably be drawn through the points

in Fig. 8.

. RESULTS

Table I gives the various experimental param-

tronsition rate

-10 -5 0 S 10
H-M, G

FIG. 5. Aceustic NMR line Am =2 for the two samples.

The selid line drawn is a Gaussian curve. The magnetic
field is parallel to the [001] axis.
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eters for the several runs on the two crystals,
and from Eq. (21) we obtain, for the experimentally
determined transition rate,

Pr=5/8T, (24)

given in Table II.

Now, Eq. (14) predicts a strong dependerce on
the angle 6=0° and 6=90° were identical. Serious
deviations from the cos# dependence have been
observed by various investigators, but only Taylor
and Bloembergen® in NaCl and Gregory and Bom-
mel®!? in metallic Ta seem to have encountered an
almost total lack of dependence on 8. The former
authors used this observed isotropy to determine
the form of the S tensor relating the strain and
field-gradient tensors and attribute it to departures
from pure ionicity in the crystal. However, they
do not explain how such covalency or everlap might
bring about the isotropy. The latter authors
attributed the lack of angular dependence on the
generation of unwanted modes of vibration due to
the small ratio of sample dimension to sound wave-
length. They support this conclusion with the
observation that, after carefully polishing the trans-
ducer electrode flat, some angular dependence
was indeed observed. There could be no gquestion
of interfering magnetic dipole transitions since
the Am =2 transition was similarly affected. No
other reason presents itself to us and we assume
that spurious modes were responsible in the pres-
ent case. This was the motivation for the calcula-
tion of P for the isotropic distribution of £ vectors
—Eq. (17).

Using Eq. (17) and the known guadrupele mo-
ment of Li’, @=0.043 b, ®~28 we write

TABLE II. Experimental and theoretical transition
rates of LiF. Values of Pg, Py, Pg/Pp, and |1-v,] for
the several runs on the two crystals.

Sample 1
Run 10° pg? 103 PP Pp/Prp 11 =yl
1 1.9 0.128 14.8 3.84
2 1.8 0.128 14.1 3.75
3 1.9 0.168 11.3 3.36
4 2.7 0.196 13.8 3.71
5 2.6 0.196 13.2 3.62
6 2.8 0.248 11.3 3.36
Sample II
1 4.4 0.441 10.0 3.16
2 6.4 0.91 7.0 2.64
3 30 3.52 8.5 2.91

Average value of |1 =y, |: 1= vy,|p=3.4
rms deviation= 0.4

2Pr =experimental transition rate from Eq. (24).
*Py =theoretical transition rate from Eq. (14).
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Pp=P(1-v.) ,

where numerically P,=2.61x10° E/M, P, being
the calculated transition rate in the absence of
antishielding.

Table II shows the results for the several runs,
the last column being the magnitude |1 -v.|. The
average is |1 -7v.1=3.4+0.4, the rms deviation
being close to the estimated experimental error
+0. 6 for a single run,

The values determined for sample II are found
to be somewhat lower than those for sample I,
but in view of the rather different experimental
parameters in the two cases, crystal mass, phonon
lifetime, frequency, etc., the general agreement
in results supports the correctness of the value
determined for |1 -v.l.

V. DISCUSSION AND CONCLUSIONS

It was found that the acoustically induced transi-
tion rate was some 11 times faster than that
predicted theoretically on the point-charge model
of the dynamic field gradient. Since calculations
based on existing theories show that covalency and
overlap have a negligible effect, it is concluded
that this augmentation of the field gradient is due
to antishielding. Insofar as the state of the two
core electrons is not much affected by its chemical
environment, this antishielding parameter should
be an intrinsic property of the ion and unaffected
by its state of chemical combination. The present
results are at variance with theoretical calcula-
tions of Sternheimer!® and of Das and Behrsohn, %
who separately find 1 — y.= 0. 75—a small shielding
effect. However, it has been pointed out?'? that
their calculations, although different in approach
are equivalent in principle if carried out rigorous-
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ly, and do not constitute independent determinations.

Calculations by Lahiri and Mukherji®® and by
Langhoff and Hurst®! give the same results. Al-
though the exact calculated values of the shielding
parameter for large ions depend on the form of
the wave functions used and on the details of the
calculations, there are fairly general reasons for
anticipating that for ion cores containing only s
electrons there should be a shielding rather than
an antishielding effect. This is because in this
case, only “angular” excitations are effective in
modifying the field gradient. If we accept this
principle, then we take the shielding parameter to
be negative: 1-vy.=-3.4. Shielding of sufficient
magnitude to reverse the sign of the field gradient
is theoretically possible, for instance Langhoff and
Hurst®! obtain for Li~ (1s22s%) 1 -y.= -1.64.

Calculations quoted above are based on free-ion
wave functions, but Lahiri and Mukherji®? point
out that in a crystal the electron distribution of the
core can be somewhat modified. They cite the
case of Li* in LiF where such a distortion has been
found to exist and from an empirical rule predict
a somewhat larger amount of shielding.

We can not here resolve the discrepancy between
experiment and theory, but it might reside in the
distortion mentioned above. In that case, the anti-
shielding parameter would not be an intrinsic prop-
erty of the ion, but would depend upon its chemical
environment, and it would require accurate wave
functions for the crystalline electrons to settle the
matter,
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FIG. 2. Oscilloscope trace of the voltage developed
across the LC tank eircuit formed in part by the trans-
ducer sample assembly as the frequency sweeps from
left to right across resonance. The deep dips correspond
to mechanical resonance of the sample.



