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SPIN-CYCLOTRON RESONANCE IN n-TYPE INDIUM 
ANTIMONIDE AT LOW TEMPERATURES

N. A. Poklonski,* A. N. Dzeraviaha, S. A. Vyrko,  UDC 621.315.592
and A. I. Kovalev

An interpretation of known experimental data on magnetic resonance measurements in tellurium-doped n-type 
indium antimonide crystals with compensation ratio K ≈ 0.1 of tellurium (hydrogen-like donors) by zinc (hydrogen-
like acceptors) at 10 MHz frequency in a quantizing external magnetic fi eld with induction from 0.17 to 1.70 T at 
liquid-helium temperature is proposed. It is revealed that the observed resonance is caused by the absorption of 
energy quanta of radio-frequency (10 MHz) radiation by c-band electrons. The electron transition between adjacent 
Landau levels is mediated by the electric component of the radio wave, while transitions between Zeeman sublevels 
are driven by its magnetic component. The number of absorbed radio-frequency quanta at resonance increases from 
3.9∙104 to 1.6∙105 with c-band electron concentrations from 6∙1015 to 5∙1018 cm–3 at an approximately constant 
compensation ratio. Calculations show that the width of the magnetic resonance lines (from peak to peak of the 
fi rst derivative of the radio-wave absorption signal with respect to the external magnetic fi eld) is determined by 
fl uctuations in the potential energy of electrons in the crystals due to their doping and compensation.

Keywords: n-type indium antimonide, low temperatures, absorption of radio waves, spin-cyclotron magnetic 
resonance.

Introduction. Semiconducting InSb crystals do not have a center of symmetry and are characterized by covalent 
and ionic interatomic bonding and strong spin–orbit coupling [1]. Spin-inversion of a c-band electron in such crystals 
situated in an external constant (stationary) magnetic fi eld is due to the action of not only the magnetic but also of the electric 
component of the electromagnetic wave. However, a stationary external magnetic fi eld and the magnetic component of the 
wave fi eld can aff ect the orbital motion of electrons, which leads to the g-factor being independent of the c-band electron 
quasi-wave vector k. The manifestation of these features in electron spin resonance is called combined resonance [2].

An interpretation of results of room-temperature magnetic resonance measurements at fi xed frequency 
f = /2π = 10 MHz (spin–phonon resonance model) in n-type indium antimonide crystals doped with tellurium and slightly 
compensated with zinc was proposed [3, 4]. According to the model [3], a c-band electron absorbs a transverse optical (TO) 
phonon of the InSb crystalline matrix from the Brillouin zone center and a quantum of radio-wave energy of frequency 
10 MHz under the magnetic resonance recording conditions [4]. This leads to an electron transition to a higher Landau level 
with spin inversion (this transition of a c-band electron is shown as a vertical arrow in Fig. 1).

Let us compare the concentrations of optical phonons in an InSb crystal at absolute temperatures 4.2 and 300 K. 
Because the average energy of an optical phonon ħop is practically the same for the three optical branches, the average 
concentration of optical phonons is [7]
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where NInSb  2.9∙1022 cm–3 is the total concentration of In and Sb atoms in a crystal of the stoichiometric composition;
ħ = h/2π, the reduced Planck constant; ħop = 22.9 meV, the average energy of an optical phonon [8]; kB, the Boltzmann 
constant; and ħop/kB  266 K.
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According to Eq. (1), the concentration of optical phonons at T = 4.2 K is Nop  3∙10–5 cm–3; at 300 K, 
Nop  6∙1022 cm–3, i.e., optical phonons are practically absent in an InSb crystal at T  4.2 K. Therefore, the results of the 
model [3] cannot be used directly for liquid-He temperatures.

Let us fi nd the average concentration of acoustic phonons in crystalline InSb (with a concentration of its own 
atoms NInSb  2.9∙1022 cm–3) in thermodynamic equilibrium at T = 4.2 K. The concentration of phonons is considered to 
be independent of the external magnetic fi eld. For temperature T much less than the Debye temperature TD (TD = 203 K 
for InSb [8]), the average concentration of all acoustic phonons (longitudinal LA and two types of transverse 2TA) can be 
estimated as before [7] as Nac  21.6NInSb(T/TD)3. In particular, Nac  1.5∙1018 cm–3 for T = 4.2 K. The average energy 
of an acoustic phonon for T << TD Eac = ħac  (π4/36)kBT [9]. We obtain Eac  0.98 meV for liquid-He temperature 
4.2 K. Because the quantity Eac is greater than the thermal ionization energy (<0.7 meV) of Te atoms in n-InSb crystals, 
all atoms of this hydrogen-like donor dopant are ionized for B = 0 at liquid-He temperature [1, 8].

Magnetic resonance in n-InSb:Te,Zn crystals was measured on a nuclear magnetic resonance radiospectrometer 
at operating frequency f = /2π = 10 MHz in a magnetic fi eld with induction B < 1.7 T and modulation frequency of this 
fi eld of 70 Hz [4, 10]. A total of six nonmagnetic samples (number j = 1, 2, …, 6) of approximately the same shape and 
volume (~30 mm3) with c-band electron concentrations from n1 = 6∙1015 cm–3 (sample 1) to n6 = 5∙1018 cm–3 (sample 6) 
were studied. The samples were oriented so that the scanning constant external magnetic fi eld induction vector B (fi eld B is 
also designated B0 in radiospectroscopy) was directed along the crystallographic [211] direction. Figure 2a shows magnetic 
H1  cos (t) and electric E1 radio-wave components that were variable over time t. Component H1 caused electron spin 
reorientation (transition between Zeeman split energy levels). Component E1  cos (t + φ) had phase shift φ relative to 
component H1 because of the high low-temperature electrical conductivity of the samples [11, 12]. Radio-wave component 
E1 contained a component orthogonal to vector B. Therefore, cyclotron absorption of radio waves by c-band electrons was 

Fig. 1. Energy levels E of a c-band electron of degenerate n-InSb:Te,Zn as a function of 
the projection kz of its quasi-wave vector on the direction of induction B of an external 
stationary homogeneous magnetic fi eld [3]. The vertical arrow shows transition of 
an electron (e−) between Landau levels and Zeeman sublevels with spin inversion; 
E, c-band electron energy; EF(B), Fermi level (depends on magnetic induction B of 
external constant fi eld and is situated in the c-band at absolute temperature T = 4.2 K [5]); 
whole numbers ζ1 < ζ2 < ζ3 enumerate the three Landau levels; kz, projection of electron 
quasi-wave vector on the z axis; μB, Bohr magnetron; c, cyclotron angular frequency; 
the black dot (and symbol e−) denote an electron in the c-band, arrows on parabolas 
show the orientation of the spin relative to the direction of magnetic fi eld force lines: to 
the right, with the fi eld; to the left, against the fi eld (because the c-band electron g-factor 
g  –51.31 at T = 1.4 K for electron concentration n  1015 cm–3 [6]).
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possible. Note that the density of c-band electron states in this magnetic fi eld had maxima at electron energies coinciding 
with the position of Zeeman (spin) sublevels of Landau levels [13–15]. Therefore, transitions between Landau levels would 
be resonant if the initial and fi nal c-band electron states were close to the bottom of the Landau parabola, i.e., on average 
a direct (vertical) transition in the "single-electron energy E-projection of quasi-wave vector kz" diagram occurred near the 
center of the Brillouin zone for kz  0 (Fig. 1).

The aim of the present work was to describe the physical picture of magnetic resonant absorption of radio waves 
with frequency 10 MHz by c-band electrons in n-InSb:Te,Zn crystals and to calculate the dependence of the magnetic 
resonance line widths on electron concentration at liquid-He temperature.

Auxiliary Equations. Let us evaluate the dependences of the eff ective mass of a c-band electron mj = m(nj); the 
electron g-factor gj = g(nj); and the electron drift motion μj = μ(nj) on electron concentration nj in the jth sample at T = 4.2 K.

The dependence of the eff ective mass of a c-band electron m(nj) (from literature data [8] at T = 77 K) on the electron 
concentration nj is written as [16]

 mj = m(nj)  mnd[1 + 2.6∙10−2 (nj/nm)0.3] ,  (2)

where mnd = 0.0136m0 is the eff ective mass of the c-band electron density of states in a non-doped InSb crystal [8]; m0, the 
electron mass in a vacuum; and nm = 3.1∙1012 cm–3, a fi tting parameter.

The dependence of the electron g-factor g(nj) on nj (in cm–3) at cryogenic temperatures is approximated as [3]:

 gj = g(nj)  191 − 35.3  log (nj) + 1.283 log2 (nj) < 0 .  (3)

Note that Eqs. (2) and (3) implicitly include the dependence on Landau levels with numbers ζi and ζf (the index i is 
before the transition of the electron between levels; index f, after the transition) because the chemical potential (Fermi level) 
EF(B) at low temperatures exists in the c-band. The higher the concentration of c-band electrons is, the higher the Fermi 
level is situated in the c-band and, consequently, the lower the Landau levels are situated below the Fermi level (Fig. 1).

The chemical potential EFj of c-band electrons without an external magnetic fi eld (B = 0) as follows [12, 16]:
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Fig. 2. Sample of crystalline n-InSb of typical dimensions; arrows show direction 
of scanning constant magnetic fi eld B (along the z axis), magnetic H1 (along the x 
axis), and electric E1 components (in the yz plane) of a radio wave with frequency 
/2π = 10 MHz (a); experimental fi rst-derivative signal from gain coil resonator Q4 
loaded with sample 4 with electron concentration n4 = 1∙1017 cm–3 for induction of spin-
polarizing magnetic fi eld B at 4.2 and 300 K (from the literature [4, 10]).
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where εFj = ħ2(3π2nj)2/3/2mj is the Fermi energy at the zero absolute temperature limit for electrons (E = 0 calculated from 
the bottom of the c-band; Fig. 1).

It follows from Eq. (4) that the chemical potential EFj for all previously studied n-InSb:Te,Zn samples [4, 10] 
at T = 4.2 K (3kBT = 1 meV) was situated in the c-band; EF1 = 14 meV for n1 = 6∙1015 cm–3 and EF6 = 542 meV for 
n6 = 5∙1018 cm–3. According to the literature [17], note that all samples were found on the metallic side of the insulator–
metal concentration phase transition (Mott transition).

The experimental data for the Hall and drift mobility of c-band electrons μj = μ(nj) of InSb for T = 77 K that were 
previously obtained [8, 16] could be approximated as

 μj = eτj/mj  μlat[1 + (nj/nμ)0.43]−1 ,  (5)

where e is the elementary charge; τj, the average relaxation time of a quasi-pulse of a c-band electron; 
μlat = 1.2∙106 cm2/V·s, the electron mobility limited by their scattering on crystal matrix phonons [1]; nμ = 1.0∙1014 cm−3, 
a fi tting parameter.

The condition for observing cyclotron resonance (for B = Brj) has the form

ωcrjτj = μjBrj > 1 ,

where crj = eBrj/mj is the cyclotron angular frequency of a c-band electron with magnetic resonance.
The condition μjBrj > 1 was fulfi lled in the previous experiments [4, 10] according to Eqs. (2) and (5): μ1Br1 = 3.0 

for n1 = 6∙1015 cm–3 and μ6Br6 = 1.8 for n6 = 5∙1018 cm–3. Thus, an external magnetic fi eld with induction 0.17–1.7 T is 
quantizing (ħc >> kBT) for the studied n-type InSb crystals at T = 4.2 K.

Basic Equations. Let us examine spin-cyclotron absorption simultaneously of radio waves and an acoustic phonon 
by a c-band electron in n-type InSb at low temperatures.

The condition on a quasi-wave vector of phonons that can participate in forming a magnetic resonance signal is 
imposed by the law of conservation of the z-component of the electron quasi-wave vector [12, 18]:

 k2z = k1z ± qz = k1z ± q  cos  θ ,  (6)

where k2z and k1z are projections of c-band electron quasi-wave vectors in the direction of induction vector B after (index 2) 
and before (index 1) absorption (+) or emission (–) by an electron of an acoustic phonon; qz = q cos θ, the z-component of 
quasi-wave vector |q| = ( 2

xq  + 2
yq  + 2

zq )1/2 of a phonon; and θ, the angle between the direction of the phonon wave vector 
q and the z axis (Fig. 1).

If phonons move at arbitrary angles θ relative to the movement of electrons along the direction of induction B of 
the scanning magnetic fi eld, then the distribution density of the angle between the electron wave vector and the phonon 
according to the literature [19, 20] is sin (θ)/2, where θ varies from 0 to π. Averaging Eq. (6) over angle θ gives
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where qz = 0.
The approximation [Eq. (7)] is supported by previous work [21], i.e., the transverse (relative to vector B) component 

of the quasi-wave vector of a TO-phonon is small, i.e., qz  0, near the resonant absorption by an electron with an average 
quasi-wave vector kz of a TO-phonon and an ultrasound energy quantum leading to electron spin inversion [22].

Spin-cyclotron absorption corresponds on average to the vertical transition [Eq. (7)] shown by the arrow in 
Fig. 1, which consists of a transition only between adjacent Landau levels (with conservation of spin orientation) ħc with 
a subsequent transition between Zeeman sublevels (with a change in spin orientation relative to the external fi eld induction 
vector) |g|μBB. The diff erence between Landau level numbers ζf and ζi is ζf – ζi = 1; ζ = 0, 1, 2, … .

Cyclotron absorption of radio waves (transition of an electron between Landau levels) occurs if 1) the average 
free path length of a c-band electron is longer than the average cyclotron (Larmor) radius of its orbit and 2) the condition 
crτj > 1 is fulfi lled. A transition between Zeeman sublevels with a change of spin orientation occurs when the upper 
sublevel is free and has spin orientation opposite to that occupied by an electron in the lower sublevel.
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Let us consider that a spin-cyclotron transition occurs upon absorption by an electron of (sc)
rN  energy quanta of the 

radio-frequency measuring signal with frequency f = /2π. We have for a sample with number j considering the change of 
c-band electron total energy E in a resonant magnetic fi eld (B = Brj) upon absorption by it of radio-frequency fi eld energy 
quanta:
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where eBrj/mj = crj is the c-band electron cyclotron angular frequency in the jth sample with electron concentration nj with 
magnetic resonance (B = Brj); mj = m(nj), the eff ective electron mass according to Eq. (2); |gj|μBBrj, the Zeeman splitting 
energy of each Landau level; |gj|, the electron g-factor modulus according to Eq. (3); (sc)

rjN , a free parameter, the number of 
absorbed radio-wave energy quanta (i.e., radio photons) with spin-cyclotron resonance; ħ, an energy quantum of a signal 
(i.e., detecting magnetic resonance) radio wave with frequency f = /2π = 10 MHz.

It follows from Eq. (8) that the observed resonant absorption of electromagnetic radiation of frequency 10 MHz by 
an n-InSb crystal in a constant magnetic fi eld at liquid-He temperature (Fig. 2b) is due to absorption of (sc)

rjN  energy quanta 
ħ  4∙10–5 meV. The leads to a transition of a c-band electron between adjacent Landau levels with spin inversion. The 
higher the frequency /2π = f of the measuring signal is, the greater the induction Brj at which the resonance center line is 
recorded is. This agreed with the experiment [10].

The transition of a c-band electron simultaneously between Landau levels and Zeeman sublevels (eff ect of a constant 
magnetic fi eld) occurs according to Eq. (7) on average without a change in the z-component of quasi-wave vector k. The 
c-band electron energy during this resonant transition changes according to Eq. (8), in which (sc)

rN  > 1 is a free parameter; 
cr and g < 0 depend on the electron concentration. Finally, the average value of the z-component of a phonon quasi-wave 
vector qz must be equal to zero, which agrees with the previous calculations [21, 23], for resonant absorption by c-band 
electrons of a radio wave with frequency f = 10 MHz.

According to Eq. (1), optical phonons are absent in n-InSb:Te,Zn crystals at 4.2 K. Therefore, magnetophonon 
absorption, i.e., the transition of a c-band electron between Landau levels upon absorption of an optical phonon without 
spin inversion, is not observed at low temperatures (in contrast to cyclotron-phonon resonance, which does not weaken 
with decreasing temperature [24]). Magnetophonon absorption in n-InSb crystals is observed in the range 63–119 K, 
which manifests as an oscillatory nature of the change in the longitudinal and transverse components of the electrical 
resistance in a magnetic fi eld [25]. Therefore, the oscillations observed at liquid-He temperature (Fig. 2b) are not explained 
by magnetophonon resonance. The range of external magnetic fi elds 0.17–1.7 T for n-InSb crystals at 4.2 K is quantizing, 
i.e., the observed oscillations of the magnetic resonance signal are related to the singular nature of the densities of initial 
and fi nal c-band electron states at the bottom of the Landau levels (Shubnikov−de Haas oscillations [10]). Also, crossing 
of Landau levels with the Fermi level is characteristic of Shubnikov–de Haas oscillations. Note that the observation of a 
two-phonon (LO + TA) magnetic resonance in an InSb crystal with a c-band electron concentration of 1.5∙1016 cm−3 at 
4.2 K was reported [26]. However, nonequilibrium phonons in the InSb crystal appeared under the infl uence of IR radiation 
in the range 15–25 μm (83–50 meV) [26], in contrast to the experiments examined by us [4, 10].

The dependences [Eqs. (2) and (3)] of eff ective mass mj = m(nj) and the electron g-factor gj = g(nj) on the electron 
concentration nj must be considered to calculate the number of absorbed quanta (sc)

rjN  during spin-cyclotron resonance 
using Eq. (8).

Results and Discussion. Table 1 presents results for the number of absorbed quanta (sc)
rjN  of energy ħ during 

spin-cyclotron resonance for magnetic induction equal to the experimentally observed position of the center line of radio 
emission absorption (B = Brj).

A comparison of the measured Br4 values at room and liquid-He temperatures for an n-InSb:Te,Zn sample with 
c-band electron concentration n4 = 1∙1017 cm–3 showed a slight shift of the line with increasing temperature to larger Br4 
values and an increase in its width at half-height (the interval ΔBr4 between the maximum and minimum dQ4/dB in Fig. 2b). 
The presumed positions of the line centers (e)

rjB  and their widths (e)
r jB  for the remaining samples at T = 4.2 K are obtained 

by calculating the percentage of the shift (Table 1).
Table 1 gives the (t)

rjB  and (t)
r jB  values calculated by multiplying (e)

rjB  and (e)
r jB  by the ratio of experimental (e)

rjB  
and (e)

r jB  values at T = 4.2 K to the corresponding (e)
rjB  and (e)

r jB  values at T = 300 K for sample 4, for which experimental 
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data for (e)
rjB  and (e)

r jB  are available at 4.2 and 300 K. The ratio (e)
r4B (T = 4.2 K)/ (e)

r4B (T = 300 K) = 0.94 for sample 4. The 
ratio of the line widths of the magnetic resonance (e)

r4B (T = 4.2 K)/ (e)
r4B (T = 300 K)  0.9.

Let us consider as before [3] that the width of the magnetic resonance signal is due to the mean-square fl uctuation 
of the electron electrostatic potential energy W(nj) [27, 28]:

 

2
1 6 1 3

r 0
( ) 0.685 (1 )

4
 

 j j
eW n K n/ /  ,  (9)

where εr = 16.8 is the low-frequency relative dielectric constant of the InSb crystalline matrix [8]; ε0 = 8.854 pF/m, the 
electric constant; K  0.1, the compensation ratio of Te by Zn for samples 1–6; nj = (1 – K)Nj, the concentration of c-band 
electrons; Nj, the concentration of Te atoms as H-like donors in the jth sample, all in charge state (+1); KNj, the concentration 
of H-like acceptors (Zn atoms), all in charge state (–1). The dopant charge states are given in units of elementary charge e.

Fluctuations of c-band electron potential energy are responsible for the coexistence of vertical and nonvertical 
transitions between adjacent Landau levels in the single-electron energy–spatial-coordinate diagram [29] and, consequently, 
determine the inhomogeneous line broadening of the spin-cyclotron magnetic resonance. Then, according to the literature 
[3], we obtain for all samples for the ratio of the line width (from peak to peak; Fig. 2b) in the jth sample to that in 
sample 1, ΔBrj

(t)/ΔBr1
(t), considering Eq. (9) and for K  0.1

 

1/3(t)
r
(t)

1 1r1

( )
,

( )
  

   
  

j j jB W n n
W n nB

  (10)

where W(nj) are the mean-square fl uctuations of c-band electron potential energy in the jth sample [Eq. (9)]. Calculations 
using Eq. (10) agreed with the experiment (Table 1).

Conclusions. A spin-cyclotron resonance model was proposed to interpret known magnetic resonance measurements 
in n-InSb:Te,Zn crystals at liquid-He temperature (T = 4.2 K). According to this model, a c-band electron absorbs (sc)

rN  
quanta of radio-frequency radiation energy (frequency f = /2π = 10 MHz; quantum energy hf  4∙10–5 meV), which leads 
to a transition of the electron to a higher Landau level with spin inversion (rise with inversion). The spin inversion of the 
electron is caused by the magnetic component of the radio wave; the transition of the electron between Landau levels, by 
the electric component. Absorption of energy quanta (from 3.9∙104 to 1.6∙105) of radio-frequency radiation upon increasing 
the c-band electron concentration from 6∙1015 to 5∙1018 cm–3 is necessary to observe the law of energy conservation during 
the transition of a c-band electron between adjacent Landau levels with spin inversion.

TABLE 1. Experimental and Calculated Magnetic Resonance Parameters of Six Samples of n-InSb:Te,Zn at T = 4.2 K

j nj, cm−3 (e)
rjB , T (t)

cr j , meV (t) (t)
B rj jg B , meV (sc)

rjN /104 (e) (e)
r r1/ jB B (t) (t)

r r1/ jB B

1 6.0·1015 0.17 1.16 0.46 3.9 1.0 1.0

2 1.0·1016 0.20 1.32 0.53 4.5 1.3 1.2

3 5.8·1016 0.36 2.05 0.84 7.0 1.9 2.1

4 1.0·1017 0.44 2.36 0.98 8.1 2.4 2.6

5 9.0·1017 0.94 3.75 1.59 13.0 4.8 5.3

6 5.0·1018 1.60 4.71 1.90 16.0 10.5 9.4

Note: j, sample number; nj, c-band electron concentration; (e)
rjB , experimental magnetic induction at resonance for jth sample; (t)

cr j ,

theoretical energy of electron cyclotron motion, where  cyclotron angular frequency (t)
cr j  = (t)

rjeB /mj is calculated with magnetic resonance 
(B = (t)

rjB  = (e)
rjB ) considering Eq. (2); (sc)

rjN , number of absorbed quanta with frequency 10 MHz estimated from Eq. (8); (e) (e)
r r1/ jB B , 

ratio of experimental absorption line width of the jth sample at T = 4.2 K to the absorption line width of the 1st sample (e)
r1B  = 0.12 T; 

(t) (t)
r r1/ jB B , theoretical ratio of width calculated from Eq. (10). The values of (e)

rjB  and (e)
r jB  at T = 300 K were taken from the literature [3].
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