Temperature dependence of the damping of helicons in indium
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It was found experimentally that the damping of helicons can be a monotonic or a non-
monotonic function of the temperature. The nonmonotonic dependence was attributed to
the activation of the Landau damping because of an increase in the mean free path of elec-
trons / at low temperatures. The collision and the Landau damping mechanisms were
separated experimentally and investigated. The collision damping was found to vary with
temperature as T*. The dependence of the Landau damping on / in In differed basically
from the corresponding dependence in an isotropic metal.

If the Doppler-shifted cyclotron resonance is absent
(kR < 1, k is the wave vector and R is the cyclotron
radius) and there are no open orbits, the damping of
helicons is governed mainly by two mechanisms: colli-
sion and collisionless (the latter is known as the Landau
damping®*J). In the local limit (k! < 1, where  is the
mean free path of electrons) the damping of helicons is
governed by the scattering of electrons on phonons and
static imperfections in the crystal lattice. The collision-
less (Landau) damping increases in importance with in-
creasing mean free path and this is due to the absorption
of energy by the electrons moving in phase with the
wave. In the nonlocal limit (k > 1) the Landau damping
is governed only by the wavelength, the value of the mag-
netic field, and the geometry of the experiment.[ﬂ
There is an intermediate range of values of k/ in which
the Landau damping depends on the mean free path,t**]
The purpose of the present investigation was to separate
experimentally and to study the collision and the Landau
components of the total damping of helicons in this in-
termediate range.

EXPERIMENTAL CONDITIONS AND METHOD

An important condition, which determined whether the
experiments could be carried out at all, was the availa-
bility of indium of very high purity whose resistivity
varied by a factor of 2—2.5 on cooling from 4.2 to 3.4°K
(superconducting transition temperature). The ratio of
the resistances measured at room temperature and at
3.4°K was 7 x 10*. The samples were grown in demount-
able polished glass molds using the method described
int®J. The samples were disks ~ 0.7 mm thick and of
~ 10 mm diameter.

As in earlier investigations,["] we used the crossed
coil method, which was very convenient in the 80—5000
Hz range in which the experiments were carried out.
The measurements were made in magnetic field of
3—12 kOe at temperatures of 1.3—4.2°K. Under these
conditions the relevant parameters were: R ~ 10 cm,
A ~ 0.14 and 0.047 cm (A is the wavelength), and
1 < 0.1 cm. We measured the Q factor of helicon reson-
ances in metal plates and this factor was related to the
total damping of helicons by ' = 1/Q.

EXPERIMENTAL RESULTS

Typical helicon resonance records, obtained at a
fixed frequency, are shown in Fig. 1 as a function of the
magnetic field. We can see that the Q factor of these
resonances and, consequently, the helicon damping, vary
strongly with the temperature. The various types of the
temperature dependences of the helicon damping, ob-
tained for various orientations of the magnetic field Ho
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FIG. 1. Typical experimental records of helicon resonances plotted
as a function of the magnetic field at various temperatures (°K): 1—4.22;
2-3.57;3-2.84;4-2.14;,5-1.34;f= 181 Hz, H, ~ 3.7 kOe, d = 0.7 mm
(thickness of the sample).

FIG. 2. Typical temperature dependences of the helicon damping in
sample In4 obtained for different orientations of the external magnetic
field relative to k at different frequencies: O—180 Hz, H, || [001] ; ®—
180 Hz, H, || I (Fig. 4); X—1616 Hz, H, || I.

relative to the wave vector k and the crystal axes, are
given in Fig. 2. The nonmonotonic dependences cannot
be explained simply by the collision damping mechanism.
We have to assume that the collision damping, whose
contribution to the total effect decreases with increasing
mean free path, competes with the Landau damping whose
contribution increases with this path. It is known that
under certain conditions the Landau damping may be ab-
sent in a metal with an arbitrary closed Fermi sur-
face.[?®) If these conditions are realized, we can study
pure collision damping.

COLLISION DAMPING

In these measurements we used a grown sample
whose normal to the surface coincided with the [001]
axis within 1°, It was found that the helicon damping in
magnetic fields directed along the normal to the surface
depended on the temperature in the range 1.3—4.2°K in
accordance with the law T* (Fig. 3). In this range the
helicon damping was independent of the wavelength éthis
was evidence of the absence of the Landau dampingt?’).

Next, we carried out measurements on a sample
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FIG. 3. Dependence of the helicon
damping on T*: O—f =180 Hz, A ~ 1.4
| mm, Hy ~ 3.7 kOe; ®—f = 1616 Hz, A ~
Z 0.47 mm, Hy = 3.7 kOe; X—f = 460 Hz,
A~ 1.4 mm, Hy, = 11 kOe. Curve 1 repre-
sents the sample In1, k || Holl [ 100] ; curve 2
P represents sample In2, k || Hy|| [001];
4| curve 3 represents sample In3, k || H ||
[001]; curve 4 represents sample In4
(the orientation is given in Fig. 4), 6 =
—20°. The ordinate scale is given for H,
~ 3.7 kOe.
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whose normal was directed along the [100] axis and
which was subjected to a magnetic field parallel to the
normal. In this geometry the Landau damping due to the
electrons in the third zone could be active but it was not
found at the wavelengths and mean free paths applicable
to our experiments. Once again we observed the T* law
and the absence of the dependence on the wavelength
(Fig. 3).

It is known that in the case of a metal with an arbi-
trary Fermi surface there are certain irrational direc-
tions of the wave vector and the magnetic field for which
a minimum or the complete absence of the Landau damp-
ing should be observed.[®) This makes it possible to
determine the temperature dependence of the collision
damping for an irrational direction of the field Ho.

We grew a sample whose normal was inclined by 30°
with respect to [001] axis and the inclination was in the
direction of [110) (Fig. 4). The anisotropy of the helicon
damping, found by rotation of H, in the (110) plane at
different wavelengths and temperatures, is shown in
Fig. 4. At angles of inclination of the field —20° <49
< —-30° [the helicon damping was found to be independent
of the wavelength at all temperatures. This corresponded
to 2 minimum of the Landau damping. Similar minima
were observed int®*) and investigated theoretically in
detail inf®),

We recorded the temperature dependence of helicon
damping in the region of minimum of the Landau mech-
anism (- 20° < 6 <-30°) and found that the damping
obeyed the T* law. The results are presented in Fig. 3.

The T* law was observed in all those cases when the
contribution of the Landau damping was slight because
of the smallness of kI. This was found in the measure-
ments corresponding to the lowest values of k = 7/d (d is
the thickness of the sample) at ‘‘high’’ temperatures
(T = 3—4.2°K). The negligible contribution of the Landau
damping was confirmed by the weak dependence of the
damping on the wavelength (Fig. 4). It was interesting to
note that the terigperature dependences of the helicon
damping obtained for different directions of the magnetic
field in the region where they obeyed the T* law could be
made to coincide by multiplication by a constant factor.
Thus, the collision damping could be described by the
formula

T = H, ' (C. + T Ca(8), (1)
where the angle 6 defines the direction of the magnetic
field and C, is independent of 6.
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LANDAU DAMPING

The total helicon damping I' can be represented by
the sum of the collision T, and the Landau (collisionless)
Ty, components:

F'=TC.+T,..

We used the dependence I' (T) in the form given by Eq.
(1). The coefficients C, and C: were deduced from the
temperature dependence corresponding to the minimum
Landau damping (Fig. 3) and from the damping aniso-
tropy recorded at 4.2°K for longer wavelengths (Fig. 4).

The temperature dependence of the Landau damping
was deduced from the function

I/Te=1+T./T.

The experimental temperature dependences of this func-
tion are plotted in Fig. 5 for several directions of the
magnetic field. At low values of kI, i.e., at long wave-
lengths and ‘‘high’’ temperatures the total damping was
governed by the collision mechanism so that T/T, ~ 1
(this point is discussed at the end of the preceding sec-
tion). The contribution of the Landau damping increased
with increasing k! (decreasing temperature and wave-
length) and it could exceed the contribution of the colli-
sion damping. The temperature dependence of the Landau
damping was a function of the direction of the magnetic
field and the orientation of the sample. In particular, in
some cases the temperature dependence of the Landau
damping was nonmonotonic (Fig. 6). This dependence
was observed for the first time and, as will be shown
later, it is only possible in a metal with a nonellipsoidal
Fermi surface.

DISCUSSION OF RESULTS

1. The collision damping of helicons in a metal with
a closed Fermi surface can be represented in the form
_ (Tesr)

1"
Hycos 0

where (Teff)_l is the effective frequency of collisions of
electrons with static lattice defects and with phonons (the
frequency is averaged out over all the Fermi surface);

® is a function which depends on the shape of the Fermi
surface and on the directions of the vectors H, and k
relative to the crystal axes; p,, and pyy are the diagonal
components of the magnetoresistance tensor. Thus, the
temperature dependence of the collision damping ob-

I.
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FIG. 4. Orientation of sample In4 (a) and dependences of the helicon
damping on the angle between the external magnetic field Hy and the °
vector k: O—f =181 Hz, A\ ® 1.4 mm; ®—f = 1616 Hz, A ~ 0.47 mm.
The upper two curves correspond to T = 4.2°K and the lower two curves
to T=1.35°K.
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FIG. 5. Dependences of the ratio of the total to the collision damping
I'/T¢=1+T /T for sample In4 and different orientations of the mag-
netic field relative to the wave vector and the crystal axes: O—A = 1.4
mm, f= 180 Hz; ®—A ~ 0.47 mm, f = 1616 Hz. The errors correspond
approximately to the dimensions of the points. a—Direction I (Fig. 4);
b—direction II; c—direction III; d—direction IV.

FIG. 6. Dependences of the absolute value of the Landau damping in
sample In4 obtained for H parallel to the directions I (a) and III (b):
O-A~ 1.4 mm, f=180 Hz; ®-\ ~0.47 mm, f=1616 Hz. Hy ~ 3.7
kOe.

tained in our experiments indicated that Pxx and p v
varied with temperature in accordance with the T* ¥aw.
A similar result was obtained inf'® for the static mag-
netoresistance of aluminum.

The resistance of indium in the absence of a magnetic
field varied in accordance with the T® law (Bloch
law).t %) This indicated that the resistance and mag-
netoresistance of indium were governed by different
effective relaxation times.

The influence of the scattering on the magnetoresis-
tance was considered by Pippard. (13 He showed that the
effective electron relaxation time is affected strongly by
the scattering through small angles in a metal whose
Fermi surface approaches quite closely the boundaries
of the Brillouin zone at several points. There is a defin-
ite probability J of the scattering of an electron from a
given orbit to an orbit in a neighboring cell (the situation

is similar to that which arises in magnetic breakthrough).

The effective relaxation time of electrons is proportional
to (nd)™* if the electron crosses n ‘‘singular’’ points per
unit time. If the Fermi radius is po, we find that

n ~ v, /po, Where v, is the velocity of electrons in the

p spacl:)e under the action of the Lorentz force.

If the probability of scattering over a distance p, P(p),
is taken in the form ae *P|, we find that J ~ 4a /(v pxz)

in strong fields so that 7o ~ 74/, Where 7, = 2/2a is
the average time between collisions and ¢ ~ (Apo) ™ is
the scattering angle. In the phonon scattering case we
have 7, ~ (T/Tp)™ (Tp is the Debye temperature) and
o~ T7TD, so that 7og ~ (T/Tp) ™.

The Fermi surface of indium satisfies the require-
ments necessary for the operation of the mechanism
described above. The probability J depends on the re-
lationship between the scattering angle and the gap
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separating orbits in the p space, which can lead to an
additional temperature dependence of Toff: The gap in
indium is Ap/po ~ 107 and in our experiments the scat-
tering angle was T/ Tp 2 107 at all the temperatures
employed. Thus, the law T* obtained in our experiments
for the collision damping of helicons can be explained by
the Pippard model.

2. The Landau damping of helicons in a metal with an
arbitrary closed Fermi surface (H, and k are assumed
to be located in a reflection plane and the damping is due
to one sheet of the Fermi surface) is given by

P
m

k1 (p., T)A*(p,)
S 1+ (&L (P, 1)) B (p.)

1
Tk, T)~— 2
2. ( ) H, dp,,

A(p,>~(%(%f,)), Py=p—p, vBI=wd,  (2)

where the averages are taken over an orbit, v is the
electron velocity, the z axis is directed along Ho, and the
y axis lies in a reflection plane. In the case of plane
orbits we have A(p,) = 0 if the plane of an orbit of mo-
mentum p, is perpendicular to the wave vector in the
real (coordinate) space in the ‘‘guiding center’’ sys-
tem.[®) Irrespective of the nature of the functions in
Eq. (2), we can go to the limit

I'.—~0 when kI-0.

3)
This is the local limit corresponding to the absence of
the Landau (collisionless) damping. In the nonlocal limit,
we obtain

T, — kA*(p.°) / H,,

kl — oo,

4

where p; is the value of p, at which B(p,) vanishes. In
this limit the Landau damping is governed by a narrow
belt of electrons with momenta p° (these are the reson-
ance electrons moving in phase with the wave). At inter-
mediate values of k/ the Landau damping includes a con-
tribution of the nonresonance electrons located near p‘;
in a belt ~ 1/k! wide. In this range of k/ the damping
depends on the nature of the functions in the integral (2).

We shall now consider some specific cases.

1) If A(p}) # 0, the Landau damping is absent at low
values of k/ corresponding to Eq. (3) and it tends to the
limit (4) with increasing k/. The dependence of the
damping on k! can be monotonic. Such a situation occurs,
for example, in metals with a spherical Fermi surfaces
if Ho % k.L*]

2) If A(pz) = 0, the Landau damping is absent at all
values of k/. This corresponds to the minimum Landau
damping.t®

3) In a metal with an arbitrary closed Fermi surface
there may be a situation when A(py) = 0 but A(p,) # 0.
The resonance electrons with the momenta p°z make no
contribution to the damping and the Landau damping is
absent in the local and nonlocal limits. At intermediate
values of k/ the Landau damping is due to the nonreson-
ance electrons and can be large. In this case the depen-
dence of the Landau damping on k! is nonmonotonic.

These cases explain qualitatively our temperature de-
pendences of the Landau damping.

We shall use the geometrical construction suggested
inl®) to find the direction of the magnetic field H, for
which minima of the Landau damping are possible. If Ho
is perpendicular to the line aa (Fig. 4) the value of A(p,)
vanishes in a wide belt of orbits passing through the
dish-like indentations in the Fermi surface. In this case
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the Landau damping is absent at all temperatures and
wavelengths used in our study. If H, is perpendicular to
the line g8, we find that A(p,) = 0 for the orbits with p,
= 0. This direction of the magnetic field corresponds to
the nonmonotonic temperature dependence of the Landau
damping. Along all other directions the Landau damping
increases monotonically with decreasing temperature. -

3. It is evident from Eq. (2) that in case of an arbi-
trary value of k] the Landau damping cannot be repre-
sented as a function of some effective mean free path.
This damping depends on the nature of the function
1(p,, T). The expression (2) is the integral equation
relative to I(p,, T) for known function A(p,) and B(p,),
which are governed by the energy spectrum of electrons.
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