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Electron spin lifetimes in long-wavelength Hg_,Cd, Te and InSb at elevated temperature
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We have made direct pump-probe measurements of spin lifetimes in long-wavelength narrow-gap semicon-
ductors at wavelengths between 4 andut and from 4 to 300 K. In particular, we measure remarkably long
spin lifetimest,~300 ps even at 300 K for epilayers of degeneratype InSb. In this material the mobility
is approximately constant between 77 and 300 K, and we find thé approximately constant in this
temperature range. In order to determine the dominant spin relaxation mechanism we have investigated the
temperature dependenceqfin nondegenerate lightly-type Hg, 74Cdy 2oTe of approximately the same band-
gap as InSb and find that, varies from 356 ps at 150 K to 24 ps at 300 K. In this material lattice scattering
dominates giving & ~%? dependence for the mobility, and we expect a strong temperature dependegce of
There are two main models that have been invoked for describing spin relaxation in narrow-gap semiconduc-
tors: the Elliott-Yafet(EY) model which gives & ~ 7”2 dependence of, in this limit and the D’yakonov-Perel
model which gives & ~*? dependence. Our results, both in magnitude and temperature dependenge of
imply that the EY model dominates in these materials.
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[. INTRODUCTION presence of strong spin-orbit coupling, the valence-band
states have mixed spin character. In NGS'’s the conduction-
We have used the Dutch free-electron lagmtitled FE-  electron states, in turn, are strongly mixed with the valence
LIX, free-electron laser for infrared experiments measure states through thé&-p interaction across a narrow energy
spin lifetimes in the long-wavelength narrow-gap semicon-gap. In this case spin-independent interactions with impuri-
ductors(NGS’s Hg;_,Cd, Te and InSb at wavelengths be- ties, boundaries, phonons, etc., can connect spin-up and
tween 4 and 1Qum and from 4 to 300 K. In particular, we -down electrons, leading to a relaxation whose rate
measure remarkably long spin lifetimes even at 300 K inproportional to 1#, where 7, is the orbital momentunimo-
degeneraten-InSh. We note that apart from one report of bility) scattering time. This process is thought to be impor-
spin relaxation in InAgRef. 1) at 300 K, these are the first tant in NGS's>®
measurements of spin lifetime to be made in NGS'’s at tem- The DP mechanism is expected to dominate in large-gap
peratures above nitrogen temperature. These first results ametype semiconductors that lack inversion symmetry so that
being extended to a range of compositions, mobilities, andhe k-dependent spin-orbit interaction lifts the spin degen-
temperatures, both to explore the physics determining spigracy even in the absence of a magnetic fleRBbmewhat
relaxation in NGS’s and to establish conditions required tocounterintuitively and in contrast with EY, the spin relax-
optimize the spin lifetime. ation rate 14 is subject to motional narrowing and is there-
In bulk semiconductors three main spin relaxation pro-fore directly proportional to the orbitdmobility) scattering
cesses have been found to be important in optical orientatiotime 7,,. In NGS’s both the EY and DP mechanisms may be
experiments: the Elliott-Yafét (EY), D’'yakonov-Perél  important, as shown by reports of spin relaxation in InSb at
(DP), and the Bir-Aronov-Pikus (BAP) mechanisms. The helium temperature’ and InAs at room temperatire-the
BAP mechanism is thought to be particularly important informer being interpreted in terms of EY and the latter of DP.
p-type wide-gap materials and is based on the electron-hol&ypically spin lifetimes in the range 1-10 ns were obtained
exchange interaction. By contrast with the other two pro-{from spin resonance in InSb at helium temperatures, whereas
cesses, it depends directly on the concentration of holes aral spin lifetime of 20 ps was reported for InAs at 300 K. It
is not thought to be important im-type narrow-gap semicon- therefore has been unclear whether enhancement of the spin
ductors. lifetime may be achieved with higher or lower mobility
The EY mechanism results from the fact that in real crys-samples, which is affected by, e.g., layer thickness through
tals Bloch states are not spin eigenstates because of tlieterface scattering, as well as by sample temperature. Addi-
strong spin-orbit coupling induced by the lattice ions. In thetional factors influence the spin relaxation, and we report its
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measurement as a function of doping, mobility, and temperapump pulse(o), the relative concentration of optically gen-
ture in order to investigate systematically the dominanterated spin-up to spin-down electrons is 3:1, leading to a

mechanisms. maximum spin polarization oPs=0.5 wheré'?13
We find, in accordance with the earlier work that at
least for small-band-gap HgCdTe and InSb it is indeed the P.=(nt—n|)/(nT+n]). 1)

EY mechanism that dominates, giving good agreement with

both the magnitude and temperature dependen to
300 K (see t?elow. P P o8 op In the circularly polarized pump-probe method one deter-

A key step in controlling spin relaxation has been theMines the difference between probe transmission for the

observation of a large enhancement of the spin memory cf@me circularly polarized pump and prof®CP and oppo-
electrons byn-type doping in both bulkGaAs semiconduc-  Sit€ circularly polarized pump and prob®CP). The actually
tor and quantum well&ZnCdse: 7. is found to increase by measured probe transmission is proportional to the absorp-

several orders of magnitude over corresponding intrinsidion changeAa. A o probe will experiencel e =3npy
material®® We have found a similar effect in-HgCdTe and  + Nopy» While a o, probe will experienceda.. =3ngpy
n-InSb, where we obtain more than an order of magnitude' Noprt - Thus the optical polarization signal becomes
enhancement of-g between intrinsic and-type material.

The present tentative explanation for this is that in intrinsic Popt= (SCP-OCP)/(SCP+OCP)

samples, photoexcited spin-polarized hdlesconcentration
>1x10"cm 2 in our casg efficiently scatter electron =(Aa_—Aa,)/(Aa_+Aa,)=0.5P, @
spins*8-1! leading to a short spin relaxation time, which ,

dominates the measured value. In the presence of a degen¥ffich has maximum value 0.25. _ _
ate Fermi sea, the effect of the photoexcited holes is removed T there is a background concentration of unpolarized
by screening, and a longer electron spin relaxation time i§l€ctronsny, then this will be correspondingly reducéd,
measured. It is also true that by going to a degenerate distri-

bution one replacekT by the Fermi leveEg in the theoret- P=0.25(1+np/Ngpy). 3)

ical expression forrg, thereby removing some of the strong

temperature dependence af In the Faraday rotation method, the probe is plane polar-

ized. Then, the excess population rof overn| electrons
Il. EXPERIMENTAL METHOD produced byo pumping gives a differential dispersion be-
» tween the left and right circularly polarized components of
We have developed a setup at FELIX to utilize both theghe plane polarized probe, and hence a Faraday rotation. We
polarization Plulrgp-probe methot “and the Faraday rota- measure this by setting an analyzer-ator —45° to the
tion method™*%in the 5-10um region in order to examine poarizer and determining the difference in transmitted signal

the spin relaxation times of bulk epilayers of 10ng- intensityl, ,s andl_,s, respectively. Then for small angles
wavelength Hg_,Cd,Te and InSb as a function of tempera- \ye have for the Faraday rotatiod,

ture, doping, and mobility. The principal modification we
have to make is that we are using FELIX to generate the
long-wavelength (ps pump-probe radiation, with corre- 20~(1+a571-49)/ (1 +a5F | —s5)- 4
sponding long-wavelength plane and circular polarizers. We
use the three-beam balanced pump-probe setup describedAt the present time it has not been possible to set up the
elsewheré? The only difference here is that we have a cir- differential optical bridge method of measurenfeftowing
cular polarizer in the pump beam consisting of a variableto the difficulty of obtaining a fast matched detector system
quarter-wave plate and utilizing the plane polarization of FE-at these long wavelengths. Our signals are sufficiently large
LIX. The probe beam was either circularly polarized for theto overcome this, but obviously the method would have a
polarization pump-probe technique or plane polarized for theyreat advantage from the point of view of data retrieval
Faraday rotation technique. The short-wave limit of our measpeed and consistency. In the absence of the optical bridge, it
surements <4 um) and the pulse duratior~{1—-5 ps) are is more convenient for us to use the polarization pump-probe
determined by FELIX. A varitemp cryostat enables measuremethod where possible, because we do not have any wave-
ments in the range 4—300 K. length restrictions resulting from imperfect plane polarizers.
Both methods rely on the fact that because of the differentWe utilize the plane polarized beam from FELIX in conjunc-
transition strengths associated with heavy hole and light holéon with a variable quarter-wave plateptimized for each
to conduction-band transitions from a compléspin-orbit  wavelength by simply adjusting the plate tilt angleo that
mixed) valence band, a partially spin-polarized distributionwe are not restricted to any particular wavelength range.
will be created by pumping with circularly polarized radia- We have measured the set of InSb and; Hgd, Te
tion. We note that the spin relaxation will be dominated bysamples shown in Table I, producésither from the in-house
electrons, as the fourfold degeneracy of the valence band atock or purpose growrby QinetiQ and BAE Systems, spe-
k=0 and the large spin-orbit coupling are expected to resultifically to study the effect of carrier type and concentration,
in extremely rapid decay of the hole spin polarization. and carrier (Hall) mobility on electron spin lifetimes of
If we take the case ofe.g) a left circularly polarized NGS's.
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TABLE |. Sample characteristics of InSb and HgCdTe.

Sample code Material T (K) ng (p) (cm™3) w(cmPV-ist
ME1654 InSb 77 2.810'° 7870
300 1.5 10'® 68700
ME1655 InSb 77 2.810'° 29900
300 1.4x10'® 62700
ME1629 InSb 77 2.08 10" 47700
300 2.26< 10 41500
ME1722 InSb 77 X 10 45000
G256 n-Hgo 76Ct 2oTe 150 3x 106 50000
220 18000
300 7000
GVG763 p-Hgo Cd, sTe 150 Pa=2X10"% cm™3 40000
GVG775 p-Hgo 76C0 2oTe 150 P,=1%X10" cm™3 20000
IIl. EXPERIMENTAL RESULTS highny, by a factor of~5 in agreement with the expectation
A InSb of Eq. (3). We have estimated,,~5x 10" cm™2 in this

. . . . case(N.B. There was a significant Burstein-Moss shift mea-

Chronologically, our f'r55t experiments were on lightly sured in the doped sample, necessitating pumping further
dopedn-InSb (ng~1x 10 cm * at 77 K), ME1654 and = 5oy the band edge, with correspondingly higher absorption
ME1655. Results are shown for sample ME1655 in Fig. 1. Ayyefficient and resultam,, than for ME1655. In order to
surprisingly short spin lifetime was obtainétheasured de- o0\ that this result was not some artifact of the experimen-
cay time 7~ 16 ps between 77 and 300)KHowever, the (5 method used, we repeated it using the Faraday rotation
fact that the initial degree of polarization wis-0.2, which  ah0d and obtained consistent results, Fig. 2. We also mea-
is close to the theoretical limit of Eq2), gives confidence to sured the temperature dependence for niiype material
the measuremenfgiven imperfect circular polarization at (both ME1629 and ME1722vhere we obtained an approxi-
these long wavelengthsin order to test whether these mea- ey constant value for.. N.B. In this case the mobility
surements were being dominated by photoinduced holes Ulias more or less constan? between 77 and 3087700 and
der FELIX excitation (1op~ 110" cm™2 at the intensities 47 500 crAv-ls L respectively—the ionized impurity and
used, we repgated the measurements for moge hegvny dopedice scattering processes approximately cancel in this
n-type material (sample ME1629,n4=2x10 cm™3). A range, and degenerate statistics apply.
substantially longer spin lifetime was obtained~(300 ps at A feature which becomes apparent on inspection of Figs.
300 K), in broad agreement also with the predicti@0 ps, 1 514 2 js that with increasing,, the decay of population

for a §njaller carrier conce_ntratlpm Ref.. 15. This sample _as a whole by Auger recombination becomes more pro-
was difficult to measure using this technique because the size

of the polarization achieved was reduced in the presence of a
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FIG. 2. Lifetime determination by Faraday rotation method for
FIG. 1. Pump-probe transmission change as a function of proba-InSb (sample ME1629n=2x 10'" cm™%) at 300 K. The pump
delay time for same-same and same-opposite pump-probe circulatilized the plane polarization of FELIX, and the probe was plane
polarization(SCP and OCP, respectivelior lightly dopedn-InSb polarized at an angle of or —45° to the pump. The fractional
(sample ME1655n4=2x10'" cm 3). On the right-hand side is transmission change is proportional @00n the right-hand side is
shown the spin polarization as a function of probe delay, giving ashown the decay of Faraday rotation, giving a measured lifetime of
measured lifetime of=16 ps at 150 K. 7s=300 ps at 300 K.
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FIG. 3. Pump-probe transmission change as a function of probe FIG. 4. Spin polarization as a function of probe delay for
. 0. - _ _ 6 _3
delay time for SCP and OCP, respectively, forHg, -4Cdp ooTe gogglg.mc%.zz (sample G256n,=3x 10 cm™) at 150, 220 and
(sample G256n,=23% 10' cm™2) at 220 K. On the right-hand side '

is shown the spin polarization as a function of probe delay, giving a__. . I . . .
measured lifetime of.=96 ps at 220 K. spin relaxation rate for ionized impurity scattering and de-

generate statistics:

nounced. The Auger rate is 7/~C(n,+ nopt)z, whereC 1 32

~2x10 % cmPs ™! for these material¥® This gives Auger 757
recombination times in good agreement with the average ex- s _ . _ -
perimental decay timesA(, +Aa_)/2, in all caseg20 ns ~ wherey=A/(Eg+A) andA is the spin-orbit splitting of the

and 800 ps for Figs. 1 and 2, respectiyely valence band.
In the other limit of lattice scattering and nondegenerate

statistics the expression becomes

®)

yEF>2(1—y/2)2 1

Eg/) \1—9/3 7'_p’

B. HgCdTe
In parallel with the above we have been investigating 1 [kT|?[1-y2)21 ®)
Hg,_,Cd, Te (of compositionx=0.2—-0.3) with a band gap s | Eg/ \1—/3 Ty

comparable to that of InSb. N.B. The band gap of InSb in-_ Q6 . 3 .
creases as the temperature is lowered, whereas that Bfyakonov-Perel”(DP). The conduction bank” inversion

Hg, CdTe has the opposite temperature dependence, symmetry splitting 4E= k%) gives a pseudofield about
that it is not possible to get a perfect match. Our first resultdVhich electrons precess, with relaxation rate for lattice scat-
for moderately dopeg-type Hg _,Cd,Te (GVG763 gave tering and nondegenerate statistics:

short lifetimes 7~20 ps, consistent with the results for 1 (KT)3
lightly doped InSb. Furthermore, when we repeated the mea- —~0.88%— Tp- (7)
surements for heavily doped-Hg, ,Cd,Te (GVG775, p Ts h°Eg

~1x107cm %) we obtained an even shorter lifetime, For the case of degenerate statistics one obtains a similar
probably limited by the resolution of our method-5 ps).  expression wittk T being replaced b .

However, when we then moved to the moderatetyype By comparing Eqs(6) and(7) one immediately sees that
sample (G256, n~3x 10'° cm™®) we obtained a substan- for the case of moderately doped HgCdTe in the limit of
tIaIIy |Onger lifetime, Flg 3, in accordance with the InSb lattice Scattering fp proportiona| toT_3’2) and nondegener-
results. Finally, we again measured the temperature depegte statistics one expects to depend onT~ 72 on the EY
dence of the lifetime, Fig. 4, where we expect a pronounceghodel andr ~ %2 on the DP model. For the temperature range
effect since lattice scattering is dominant for HJCdTe and we;50-300 K on the EY model one expeetso decrease by a
have a nondegenerate distribution. We found that the Spifyctor of ~12, which is in good agreement with the experi-
lifetime scaled approximately a6 " as expected for the mental finding of 14.8(N.B. The DP model would give a
EY model for a nondegenerate distribution with lattice scat-gecrease by a factor of 3.) We obtain the material param-

tering dominant, as described in the next section. eters of Eq.(6) from well-known expression for the en-
ergy gapEg, the conduction-band edge effective mass,
IV. ANALYSIS AND DISCUSSION and electron mobility 4= er,/m):

As already pointed out the scattering models that can con-  Eg(x,T)=—0.302+1.9%—0.81x?+0.82%3+5.35
tribute to spin relaxation in NGS’s are the EY and DP models 4 3 )
X 10 4(1—2x)(T3—1822/(T?+255.2),

as follows.

Elliott-Yafet>® (EY). The conduction-valence-band in- (8)
teraction throughk-p terms, in the presence of nonparabo-
licity and strong spin-orbit coupling, leads to the following mo/me=1+(Ey/3){(2/[Eg) +[1(Ec+A)]}, 9
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where E;=19 eV andA=1.0 eVl The actual values ob- evated temperatures up to 300 K. This is of the same order of
tained from Eq. (6)—7(300)=13ps, 74220)=67 ps, magnitude as the earlier results at liquid helitfrbut we
74150)=360 ps—are in remarkably good agreement withemphasize that this is the first time that such long lifetimes
those obtained experimentally as shown in Fig. 4. have been established at 300 K in NGS'’s. Both the magni-
Finally, taking the degenerate case with ionized impuritytude and the dependence @afon temperature are consistent

scattering dominant for the InSb sample ME168%g. 2),  with the EY model forn-Hgy 74Cdy 25Te andn-InSh.

the nonparabolicity of the conduction band is important at
n=2x10" cm 2 (both for the effective masm,/m, and
the Fermi leve), and we take the material parameters at 300
K from previous work!® Eg=0.18eV, A=0.8eV, E We gratefully acknowledge the support by EPSRC and
=0.03 eV, andn./my=0.027. We obtain a theoretical value the Stichting voor Fundamenteel Onderzoek der Materie
of 74~100 ps from Eq.5), in satisfactory agreement with (FOM), as part of the UK program at FELIX. We are also
the measured value of 300 ps considering the simplifyinggrateful for partial support from the FENIKS projedC:
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