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THE EFFECT OF ELECTRON�HOLE SCATTERINGON TRANSPORT PROPERTIES OF A 2D SEMIMETALIN THE HgTe QUANTUM WELLM. V. Entina, L. I. Magarilla;b, E. B. Olshanetsky a*,Z. D. Kvona;b, N. N. Mikhailov a, S. A. Dvoretsky a;baInstitute of Semi
ondu
tor Physi
s, Siberian Bran
h, Russian A
ademy of S
ien
es630090, Novosibirsk, RussiabNovosibirsk State University630090, Novosibirsk, RussiaRe
eived April 24, 2013The in�uen
e of e�h s
attering on the 
ondu
tivity and magnetotransport of 2D semimetalli
 HgTe is studiedboth theoreti
ally and experimentally. The presen
e of e�h s
attering leads to the fri
tion between ele
tronsand holes resulting in a large temperature-dependent 
ontribution to the transport 
oe�
ients. The 
oe�
ientof fri
tion between ele
trons and holes is determined. The 
omparison of experimental data with the theoryshows that the intera
tion between ele
trons and holes based on the long-range Coulomb potential stronglyunderestimates the e�h fri
tion. The experimental results are in agreement with the model of strong short-rangee�h intera
tion.DOI: 10.7868/S00444510131101751. INTRODUCTIONRe
ently a 2D semimetal has been shown to bepresent in undoped 18�21 nm HgTe quantum wells withan inverted energy spe
trum and various surfa
e orien-tations (013), (112) and (100) [1�3℄. It has been shownthat this semimetalli
 state is due to the overlap, ofthe order of several meVs, of the 
ondu
tion band min-imum in the 
enter of the Brillouin zone and severalvalen
e band maxima situated at some distan
e awayfrom the Brillouin zone 
enter (the exa
t number and
on�guration of the maxima depend on the well sur-fa
e orientation). The Fermi energy residing inside theenergy interval 
orresponding to this overlap results inthe simultaneous existen
e of 2D ele
trons and holes inthe QW. The te
hnology of low-temperature growth ofa 
omposite (SiO2/Si3N4) diele
tri
 layer on top of theQWs has allowed the fabri
ation of an ele
trostati
 topgate. Using this gate allows obtaining and studying 2Dsemimetal states with any desired ratio of ele
tron andhole densities. The study 
ondu
ted in (013)-oriented*E-mail: eolsh�isp.ns
.ru

HgTe wells has revealed 
ertain features that are pe-
uliar to the transport in a 2D semimetal and maybe attributed to the ele
tron�hole s
attering inside theQW [4℄. The present work presents a detailed theoret-i
al and experimental study of ele
tron�hole s
atteringin a 2D semimetal.It is well known that in monopolar systems, the in-terele
tron s
attering does not a�e
t the low-�eld 
on-du
tivity. S
attering between parti
les of the samekind preserves the total momentum of the system.The momentum generated by an external ele
tri
 �elddoes not dissipate unless impurities or phonons are in-volved. As a result, in a system with a simple ele
-troni
 spe
trum, the 
ondu
tivity does not depend onthe ele
tron�ele
tron s
attering. This is not the 
asein a multi-
omponent system [5; 6℄. In the absen
e ofmutual 
ollisions, the 
omponents drift in an externalele
tri
 �eld with di�erent velo
ities. The s
atteringbetween parti
les of di�erent sorts leads to the addi-tional fri
tion in the whole system. In a semimetal,ele
trons and holes are a

elerated by the ele
tri
 �eldin the opposite dire
tions, and 
ollisions between parti-
les slow the motion of both ele
trons and holes. At lowtemperatures, the e�h s
attering is limited (for both1068
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t of ele
tron�hole s
attering : : :ele
trons and holes) to the kT interval near the Fermisurfa
e, resulting in the temperature dependen
e of theprobability of e�h s
attering and of the 
orresponding
orre
tions to 
ondu
tivity / T 2 [4℄. (However, in sys-tems with a degenerate spe
trum, e. g., in a 2D systemin quantizing magneti
 �elds, the e�h s
attering is notfrozen out down to zero temperature; see [7℄). Thispaper is organized as follows. Se
tion 2 
ontains thetheory of ele
tron�hole s
attering in a 2D semimetal.Se
tion 3 deals with the experimental details. In Se
-tion 4, the 
omparison between theory and experimentis dis
ussed.2. THE THEORY OF ELECTRON�HOLESCATTERING2.1. Kineti
 equation solutionWe 
onsider a 2D semimetal with the ge equivalentele
tron valleys and gh equivalent hole valleys 
enteredat respe
tive points pe;i and ph;i. In parti
ular, as isdis
ussed in the next se
tion, the (013) HgTe QW stud-ied in the experiment has a single 
ondu
tan
e bandvalley in the 
enter of the Brillouin zone and two va-len
e band valleys situated along the [0�31℄ dire
tion, aswe show in Fig. 1. The 
ondu
tion bands with energyspe
tra "ep = (p� pe;i)2=2me overlap with the valen
ebands Eg � "p�ph;i , "hp = p2=2mh (Eg > 0). The holemass mh is assumed to be mu
h larger than the ele
-tron massme. The distan
es between ele
tron and holeextrema jph;i � pe;j j are supposed to be large to sup-press the ele
tron�hole re
ombination. At the sametime, s
attering between ele
trons and holes 
hangingthe momenta near the extrema is permitted. With-out the loss of generality in what follows, the momentaare referen
ed to the band extrema, and we repla
ep� ph;j ! p, p� pe;i ! p.The system of kineti
 equations for the ele
tron andhole distribution fun
tions fe;hp is given bye�Erpf�p + [p� !� ℄rpf�p =X�0 I�;�0 + J� ; (1)where the index � = (+;�) labels holes (h) and ele
-
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Fig. 1. The energy band stru
ture in a 20 nm (013)HgTe quantum well

trons (e) e� = �e, �e is the ele
tron 
harge, J�is the 
ollision integral of holes (ele
trons) with im-purities, I�;�0 are the interparti
le 
ollision integrals,!� = e�H=m�
, and !� are 
y
lotron frequen
ies. Inthe linear 
ondu
tivity problem, the 
ollision integralsfor parti
les of the same sort (I�;�) make no 
ontribu-tion to the 
ondu
tivity. Hen
e, the summation over �0
an be omitted, with �0 repla
ed by �� = ��.The hole�ele
tron 
ollision integral has the formIhe = 2�S2 2ge Xp0;q;k0 juqj2Æp0;p+q �� Æk0;k+qÆ("hp � "hp0 + "ek0 � "ek)�� �fhp(1�fhp0)fek0(1�fek)�fhp0(1�fhp)fek(1�fek0)� ; (2)where uq is the Fourier transform of the ele
tron�holeintera
tion potential u(r) and S is the system area.The quantity Ieh 
an be obtained from Eq. (4) by ex-
hanging e� h.We study transport that is linear in E. Introdu
-ing linear 
orre
tions ��p to the equilibrium distributionfun
tions f0;�p and linearizing the kineti
 equations, weobtaine�(E � rp)f0�p +([p� !� ℄ � rp)��p = ÆI�;��+ÆJ� ; (3)where ÆI�;�� and ÆJ� are linearized 
ollision integrals:ÆI�;�� = 2�S2 2g�� Xp0;q;k0 juqj2Æp0;p+q �� Æk0;k+qÆ("�p � "�p0 + "��k0 � "��k)�� n��p�(1� f0�p0 )f0��k0 (1� f0��k ) + f0�p0 f0��k (1� f0��k0 )��� ��p0�f0�p f0��k0 (1� f0��k ) + (1� f0�p )f ��0k (1� f ��0k0 )�++ ���k0�f0�p (1� f0�p0 )(1� f0��k ) + f0�p0 (1� f0�p )f0��k ������k�(1�f0�p0 )f0��k0 f0�p +f0�p0 (1�f0�p )(1�f0��k0 )�o: (4)The solution of the system of kineti
 equations 
anbe sought in the form ��p = A�("p)p, A�("p) / E.This substitution results in a system of integral equa-tions for A�("p). Instead of solving this system, we usethe approximation��p � �p �V��"�pf (0�)p ; (5)whereV� are the average velo
ities of parti
les. To �ndthe V� , we should integrate the kineti
 equations withthe momentum p. The impurity 
ollision term givesthe rate of irretrievable momentum loss. The h�e 
ol-lision term determines the rate of momentum transferbetween holes and ele
trons (the for
e between subsys-tems of holes and ele
trons)1069
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onsidered pro
edure is equivalent to the alge-braization of the 
ollision termsÆJ� = ����� ; ÆI�;�� = ������� � ������ ;where �� is the transport relaxation for elasti
 s
at-tering on impurities. Relaxation times �he and �eh ofinterparti
le s
attering satisfy the relationmhNs�he = mePs�eh = �:The quantity � 
an be regarded as the 
oe�
ient ofliquid fri
tion between the subsystems of holes and

ele
trons: the for
e between ele
trons and holes isSNsPs�(Ve �Vh).As a result, we obtain the system of hydrodynami
equations [5, 6℄ for V� ,e�m� E+ [V� ;!� ℄� V��� � � n��m� (V� �V��) = 0: (7)System (7) 
an be written in the matrix form as
 � V = E ; (8)where V = (V ex ; V ey ; V hx ; V hy );E = e(Ex=me; Ey=me;�Ex=mh;�Ey=mh);

 = 0BBBBBBBBBBBBB�

�� 1�e + 1�eh� !e 1�eh 0�!e �� 1�e + 1�eh� 0 1�eh1�he 0 �� 1�h + 1�he� !h0 1�he �!h �� 1�h + 1�he�
1CCCCCCCCCCCCCA : (9)

Using the solution V = 
�1E of Eq. (9), we obtainjx = e(V hx Ps � V exNs), jy = e(V hy Ps � V ey Ns), and�xx = N1=D; �yx = N2=D; (10)N1 = e2�memh �mePs�h ��2e !2e + 1� ++ mhNs�e ��2h!2h + 1��++ ��2memh�e�h� (Ns � Ps) 2 ++NsPs (�e�h!e!h + 1) �+NsPs �m2h�2e ��2h!2h + 1� ++ m2e�2h ��2e !2e + 1�� �++ �2(Ns � Ps)2�e�h (mhPs�e +meNs�h)�;N2 = �e2�memh �mhNs!e ��2h!2h + 1� �2e ++ mePs�2h ��2e !2e + 1�!h�+ 2�memh�e�h �� (Ns � Ps) (Ns�e!e � Ps�h!h) ++ �2�2e �2h (Ns � Ps) 2 (meNs!e +mhPs!h)�;

D = m2em2h(1 + !2e�2e )(1 + !2h�2h) ++2�memh(meNs�h(1+!2e�2e )+mhPs�e(1+!2h�2h))++�2((mhPs�e+meNs�h)2+�2e �2h(meNs!e+mhPs!e)2):Components of the resistivity tensor 
an be writtenas �xx = N1DN21 +N22 ; �xy = N2DN21 +N22 : (11)At the zero magneti
 �eld, �xy = 0 and the tempe-rature-dependent 
orre
tion to the resistivity is simpli-�ed:Æ�(T )=�(T = 0) = mhNs�e +mePs�hmemh �� memh + � (mhPs�e +meNs�h)mhNs�e +mePs�h + ��e�h (Ps �Ns) 2 � 1: (12)2.2. Ele
tron�hole relaxation timeThe mean for
e f a
ting between the ele
tron andhole subsystems, Eq. (6), is determined in the Bornapproximation by the substitution of the distributionfun
tions of Eq. (5) in Eq. (4). We arrive at1070
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t of ele
tron�hole s
attering : : :f = 2�gh(4�2)4 Z dp Z dp0 Z dk Z dk0jup�p0 j2 �� Æ(p0 � p+ k� k0)Æ("hp � "hp0 + "ek0 � "ek)�� n(p� p0;p)Vh(��"hpf (0h)p )�� hf (0e)k (1� f (0e)k0 )f (0h)p0 ++ f (0e)k0 (1� f (0e)k )(1� f (0h)p0 )� (13)� (k� k0;k)Ve(��"epf (0e)k )�� hf (0h)p (1� f (0h)p0 )f (0e)k0 ++ f (0h)p0 (1� f (0h)p )(1� f (0e)k0 )io: (14)The integral over p 
an be presented asR dp = mh R d"p R d'p, and similarly for the integralover other momenta. Cal
ulating the integrals over en-ergies in the low-temperature limit, we obtain the fol-lowing expression for the mean free time between 
ol-lisions of holes with ele
trons:1�he � Ns�mh = T 2m2emh(4�2)3 �22Ps~7 2�Z0 d� d' d'0 �� (1� 
os�)Æ(�(
os�� 1) + 
os'� 
os'0)�� Æ(� sin�+ sin'� sin'0)jupFh(1�
os�)j2; (15)where � = pFh=pFe, and pFh and pFe are the Fermimomenta of holes and ele
trons. Expression (15) 
anbe transformed to1�he = m2e12�3gh~5 T 2�Fh � x0Z0 dx xju2pFhxj2p1�x2p1��2x2 ; (16)where x0 = min(1; 1=�).

The Fourier transform of the Coulomb e�h intera
-tion uq depends on the stru
ture of the system and thes
reening. In the simple 2D model of ele
tron gas, theCoulomb intera
tion with linear s
reening is given byuq = 2�e2� 1q + �; (17)where the s
reening 
onstant is 
olle
ted from the in-dividual s
reening 
onstants of the ele
tron and holegases, � = �e + �h = 2(gh=aB;h + ge=aB;e), aB;e == ~2�=mhe2 and aB;h = ~2�=mee2 are the Bohr radiiof ele
trons and holes and � is the e�e
tive diele
tri

onstant.The above expression is valid in the linear s
reeningapproximation that requires � to be small 
ompared tothe transmitted momentum min(pF;e; pF;e). Besides,we here negle
t the width of the quantum well. As aresult, the potential be
omes independent of the HgTediele
tri
 
onstant. This 2D 
onsideration loses appli-
ability in the spe
i�
 system under 
onsideration withthe quantum well width d & 1=�. In fa
t, the s
reeningradius 1=� should be limited from below by d.A

ounting for a �nite width of the quantum wellleads to the repla
ement of the 2D potential byuq = 2�e2� F (qd)q + �F (qd) ; q < 2(pFe; pFh); (18)where the fun
tion F (qd) follows from the solutionof the ele
trostati
 intera
tion problem of two singly
harged parti
les pla
ed inside a layer of width d be-tween two semi-in�nite diele
tri
s. Using the pla-nar Fourier transform, we express the intera
tionof two point 
harges lo
ated at the points z; z0,d=2 > z > z0 > �d=2, as�e�q(z+z0) �edq(r + 1)� e2qz(r � 1)� ��r + eq(d+2z0)(r + 1) + 1�2�q (e2dq(r + 1)2 � (r � 1)2) : (19)For z < z0, we must repla
e z $ z0 in Eq. (19).Here, r = �=�HgTe and � is the diele
tri
 
on-stant of external layers (CdTe). To �nd the fun
-tion F (x), we must integrate potential (19) with thesquares of ele
tron and hole transverse wave fun
tionsj e(z)j2 and j h(z0)j2. For a well with hard walls, e;h(z) =p2=d 
os(�z=d). In this 
ase, we �ndF (x) = r(x2 + 4�2)2 �x �3x2 + 20�2� ++ 32�4 (�1 + ex)x+ r (ex(x� 2) + x+ 2)(r + ex(r + 1)� 1)x2 � : (20)
Assembling the previous expressions, we obtain the�he for the Coulomb s
attering1�he = mee46��2gh~3 memh T 2�2Fh � x0Z0 dx�� xF 2(wx)p1� x2p1� �2x2(2x+ �F (wx))2 ; (21)1071
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tly 2D
ase w = 0, the potential be
omes that in Eq. (17), andF (wx) must be repla
ed by 1. We emphasize that inthe real 
ase, the parameter � is large, and therefore themean free time 
eases to depend on F . This 
on
lusionis valid in the linear s
reening theory. Careful exam-ination shows the ne
essity of revising this approa
h.The quantity 1=�he is proportional to T 2. This resultsin a temperature dependen
e of the 
orre
tion similarto the dependen
e of the residual resistivity at low tem-peratures. 2.3. Short-range intera
tionTogether with the long-range Coulomb part, theintera
tion between ele
trons and holes also 
ontainsthe short-range kernel intera
tion. The large diele
tri

onstant of HgTe and CdHgTe leads to the diele
tri
s
reening of the Coulomb 
ontribution. In that 
ase,the on-site e�h intera
tion 
an prevail. To estimate thekernel 
ontribution, we 
an repla
e u2pFhx by a 
on-stant: u2pFhx = �~2me +mhmemh �;� = memhme +mh 1~2� Z u(r) dr: (22)The dimensionless quantity � des
ribes the strength ofthe 
onta
t e�e intera
tion. As a result, we �nd� = (me +mh)2�2T 224�2~3NsPs ln ����1 + �1� � ���� : (23)In a

ordan
e with (15), the model of an isotropi
 en-ergy spe
trum leads to a logarithmi
 divergen
e of thetemperature 
orre
tions to the 
ondu
tivity at equalFermi momenta of ele
trons and holes. The divergen
eoriginates from the probability of two Fermi parti
leba
ks
attering with 
onservation of their individual en-ergies. For isotropi
 Fermi surfa
es, su
h pro
esses o
-
ur for all ele
trons on the Fermi surfa
e.2.4. Anisotropi
 spe
trumIn fa
t, the holes in the system under 
onsidera-tion have anisotropy. Evidently, this kinemati
ally lim-its the possibility of ba
ks
attering and the divergen
eand the hole spe
trum anisotropy, negle
ted previously,must therefore be taken into a

ount. This 
an be donein the relaxation-time approximation for the ellipti
hole spe
trum in the 
ase of zero magneti
 �eld. Theanisotropy of the spe
trum results in the anisotropy oftemperature 
orre
tions. In a

ordan
e with the exper-imental situation, we 
onsider the ele
tri
 �eld appliedalong the symmetry axis, i. In this 
ase, Eq. (7) ismodi�ed as

0 1 2 3 412
34f

�Fig. 2. Dependen
e of the temperature 
orre
tion inthe anisotropi
 
ase on the ele
tron�to�hole 
on
entra-tion ratio and the hole mass ratio via the parameters �and �. The parameter � ranges the values 0:2, 0:6, 1,1:4, 1:8, 2:2, 2:6. The dire
tion of � growth is shownwith an arrowemiEi � V hi�h � � Psmi (V hi � V ei ) = 0; (24)where the subs
ript i indi
ates the spe
i�
 dire
tion ofthe �eld and the same 
omponent of the hole mass.The fri
tion 
oe�
ient �i for the same dire
tion ofthe ele
tri
 �eld is given by�i = mhNs�he;i = T 2(me +mh)2�26�3~3NsPs f(�i; �); (25)where mh = pm1m2 is the mass of the hole density ofstates, �i =pmi=mh, andf(�; �) = (��)232 2�Z0 d' d'0d� d�0(
os'� 
os'0)�� Æ(��(
os'0 � 
os') + 
os�� 
os�0)�� Æ((�=�)(sin'0 � sin') + sin�� sin�0): (26)The integrals over three angles 
an be evaluated,and we arrive atf(�; �) = �4 1Z0 x2dxp1� x2(1 + x2(�4 � 1)) �� ln ������+ �p1 + x2(�4 � 1)�� �p1 + x2(�4 � 1) �����: (27)Figure 2 shows the dependen
e of f(�; �) on � fordi�erent �. All 
urves 
ontain the limited singularities
orresponding to the equality of the hole Fermi ellipse1072
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TiAu gateIn 
onta
ts SiO2 + Si3N4CdxHg1�xTeHgTe QWCdxHg1�xTei-GaAs substrate

0 20 40 60�20�40�60�0:50
1:00:5Energy,eV

z; nm
HgTeCdTe CdTeHg 0:35Cd 0:65TeHg 0:35Cd 0:65Te

Hg0:65Cd0:35Te 30 nmCdTe 40 nm
HgTe QW 20.5 nmHg0:65Cd0:35Te 9 nm109 
m�2 In-doping 12 nmHg0:65Cd0:35Te 9 nmCdTe 5.5 �mZnTe 10 nm(013) GaAs substrate 8

6

Fig. 3. (a) The quantum well layer stru
ture, (b) the quantum well energy diagram, and (
) the 
ross se
tion of the samplesstudiedaxes to the diameter of the ele
tron Fermi 
ir
le. Theex
eption is the 
ase � = 1, where f(1; �) / � ln j��1jas � ! 1. In this 
ase, the divergen
e 
an be limitedby the �nite temperature or 
ollision widening.3. EXPERIMENT3.1. SamplesThe Hg0:3Cd0:7Te/HgTe/Hg0:3Cd0:7Te quantumwells with the (013) surfa
e and the thi
kness of20.5 nm were prepared by mole
ular beam epitaxy.The details of the stru
ture growth pro
ess are de-s
ribed in [8, 9℄. The QW 
ross se
tion and the energydiagram of the stru
tures investigated are shownin Figs. 3a and 1b. To perform magnetotransportmeasurements, the samples based on these quantumwells were prepared by standard photolithography inthe form of 50 �m wide Hall bars with the voltageprobes spa
ed 100 �m apart. The ohmi
 
onta
ts tothe two-dimensional gas were formed by the in-burningof indium. To 
hange and 
ontrol the ele
tron and holedensities in the QW, the ele
trostati
 top gate was

supplied. For this purpose, a diele
tri
 layer 
ontaining100 nm SiO2 and 200 nm Si3N4 was �rst grown on thestru
ture using the plasma-
hemi
al method. Then,the TiAu gate was deposited. The s
hemati
 drawingof the devi
es prepared in this way is shown in Fig. 3
.The magnetotransport measurements in the des
ribedstru
tures were performed in the temperature range0.2�4.1 K in magneti
 �elds up to 5 T by the standardfour-point 
ir
uit at the 12�13 Hz a
 signal with the
urrent of 1�10 nA through the sample, whi
h issu�
iently low to avoid the overheating e�e
ts.3.2. Experimental resultsTo gather information about the stru
ture proper-ties and to determine the main transport parameters ofthe system 
orresponding to di�erent gate voltages, themagneti
 �eld dependen
es of the diagonal �xx(B) andHall �xy(B) 
omponents of the resistan
e tensor weremeasured. These fun
tions show a strong dependen
eon the magnitude and sign of the gate voltage appliedto the sample. Figure 4a,b,
 presents the 
urves mea-sured at gate voltages �3, �1:84, �0:5 V. We see that1073
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Fig. 4. Magneti
 �eld dependen
es �xx(B) and �xy(B) for the 2D ele
tron�hole system in the HgTe quantum well atT = 0:19 K for three gate voltages: a � Vg = �3 V; b � Vg = �1:84 V, and 
 � Vg = �0:5 V; d � the energy banddiagrams with approximate positions of the Fermi energy 
orresponding to the 
urves on the left sidean alternating-sign Hall e�e
t and strong positive mag-netoresistan
e are observed at Vg = 3, �1:84 V (seeFig. 4a,b). At Vg = �0:5 V (see Fig. 4
), there is aweak negative magnetoresistan
e at low �elds and pos-itive magnetoresistan
e at higher �elds, and the mag-neti
 �eld dependen
e of the Hall resistan
e is linear,
with its slope opposite to that of �xy(B) at Vg = 3,�1:84 V and jBj > 0:1 T and jBj > 0:4 T, respe
tively.The des
ribed behavior suggests that by varying thegate voltage, we 
hange the 
arrier type 
ontent in thequantum well. This 
on
lusion is further supported bythe �xx(Vg) and �xy(Vg) tra
es measured at the 
on-1074
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Fig. 5. Gate voltage dependen
es �xx(B) and �xy(B)for the 2D ele
tron�hole system in the HgTe quantumwell at T = 0:19 K and the magneti
 �eld B = 2 Tstant magneti
 �eld B = 2 T 
orresponding to thequantum Hall e�e
t regime, Fig. 5. The quantum Hallplateaux in �xy(Vg) and minima in �xx(Vg) are well de-veloped for �lling fa
tors � = 1�10 on the ele
tron sideand � = 1�4 on the hole side, indi
ating a very highquality of the samples investigated. At Vg � �1:8 V,a dramati
 
hange of the sign of �xy o

urs, signify-ing a 
hange of the predominant 
arrier type in thewell. This transformation in �xy(Vg) is a

ompaniedby a sharp peak in �xx(Vg). The behavior of our sys-tem in the quantum Hall e�e
t regime has been studiedearlier [10℄.By �tting the dependen
es similar to those pre-sented in Fig. 4a,b,
 using the formulas of the standard
lassi
al transport model in the presen
e of two groupsof 
arriers of opposite signs [11℄, we 
an determine thetypes of 
harge 
arriers involved in the transport andtheir mobilities and densities. Figure 6 presents theseparameters as fun
tions of the gate voltage. We �rst
onsider the gate voltage dependen
es of the ele
tronand hole densities shown in Fig. 6a. For Vg � �1 V,the experimental 
urves (see, e. g., Fig. 4
) are well de-s
ribed by the transport model involving only ele
tronsas 
harge 
arriers. Although holes 
an be present inthis 
ase with a density mu
h lower than the ele
trondensity, their 
ontribution to the transport is immate-rial due to their lower mobility. As would be expe
ted,the gate voltage dependen
e of the ele
tron density islinear, with the slope 8:12 � 1014 m�2�V�1 
orrespond-ing to the 
apa
itan
e of the diele
tri
. An absolutelydi�erent pattern is observed for Vg � �1:5 V. To de-s
ribe the dependen
es similar to those presented inFig. 4a,b, two types of 
arriers, ele
trons and holes,
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tronsHolesCNPa

b Ele
tronsHoles
0 2 4�2�4�6

0 2 4�2�4�6 Vg; V

Vg; V
01020
304050�n; �p; m

2/Vs00:51:01:52:02:53:03:54:0Ns; Ps 1015 m�2

Fig. 6. a) The ele
tron Ns and hole Ps densities versusgate voltage; b ) the ele
tron �n and hole �p mobilitiesversus gate voltage; T = 0:19 Kshould be taken into a

ount. Figure 6a shows the ele
-tron and hole densities as fun
tions of the gate voltagefor Vg � �1:5 V obtained from the pro
essing of theexperimental data. Clearly, as the negative gate biasin
reases, the hole density in
reases and the ele
trondensity de
reases linearly, with the respe
tive slopes7:9 �1014 and 0:7 �1014 m2�V1. We note that the sum ofthe magnitudes of these slopes is about the magnitudeof the slope of Ns(Vg) for Vg � �1 V, as would be ex-pe
ted, be
ause ele
trons are the only observable typeof 
arriers for Vg � �1 V. Moreover, the slope ratioPs(Vg)=Ns(Vg) � 11:3 for Vg � �1:5 V should 
orre-spond to the ratio of the densities of states of holesand ele
trons. Then, if holes �ll two valleys (as ex-pe
ted for a (013) 20 nm HgTe QW) and ele
trons �llonly one valley, then the hole mass is mh � 0:15m0 ifwe take the ele
tron mass me � 0:025m0. These val-ues are 
lose to those determined from the 
y
lotronresonan
e measurements [12℄.Pro
essing the diagonal �xx(B) and Hall �xy(B) de-penden
es in the vi
inity of the gate voltages where the1075
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tron and hole densities are 
lose is rather di�
ult.However, extrapolating the linear dependen
es Ns(Vg)and Ps(Vg), we �nd their 
rossing point, where the ele
-tron and hole densities are equal, Vg � �1:3 V � theso 
alled 
harge neutrality point (CNP).Using the obtained dependen
es of the ele
tron andhole density on the gate voltage, we 
an plot the qual-itative energy band diagrams opposite to Fig. 4a,b,
,with the 
orresponding Fermi level positions and the
ondu
tion and valen
e band o

upation, Fig. 4d. Asmentioned above, for the (013) HgTe QWs, we havea single 
ondu
tan
e band minimum in the 
enter ofthe Brillouin zone and two valen
e band maxima situ-ated along the [0�13℄ dire
tion. A

ording to the CNPele
tron and hole densities and their mass values deter-mined above, the 
ondu
tan
e and the valen
e bandsoverlap in our samples at about 10 meV.Now, we 
onsider the behavior of the ele
tron andhole mobilities as Vg varies (see Fig. 6b ). The linesare drawn through the experimental points for visu-alization. In the range �1:5 V � Vg � +3 V, ade
rease in the ele
tron density is a

ompanied by amarked de
rease in their mobility, roughly as � N3=2s .A similar dependen
e of mobility on density is also fre-quently observed in other two-dimensional stru
tureswhere the 
arrier density is 
ontrolled by the ele
tro-stati
 gate. It o

urs be
ause the transport time forimpurity s
attering depends on the 
arrier density as�tr � N�s , where � = 1�2. In the gate voltage range�2 V � Vg � �1:5 V 
orresponding to the approxi-mate equality of the ele
tron and hole densities, a sharpjump in the ele
tron mobility is observed (see the dot-ted line in Fig. 6b ). A further in
rease in the magnitudeof the negative gate bias slightly redu
es the ele
tronmobility and weakly in
reases the hole mobility. Ofthe greatest interest is the jump in the ele
tron mo-bility at �2 V � Vg � �1:5 V. This jump 
oin
ideswith the gate voltage range where the hole density �rstequals and then begins to ex
eed the ele
tron density:Ps � Ns. We suggest that this jump may be a

ountedfor by the hole s
reening and, therefore, by redu
ingimpurity s
attering of ele
trons.As shown in Se
. 2, in a bipolar system with twotypes of 
harge 
arriers of the opposite sign, momentumrelaxation 
an be 
aused, in addition to other fa
tors,by their mutual s
attering (fri
tion) [5℄. Sin
e only theparti
les of both kinds that fall into the kT interval inthe vi
inity of the Fermi level are involved in this mo-mentum relaxation me
hanism, the 
orresponding re-laxation time is expe
ted to 
hange with temperatureas � T�2.

�6 V�4:5 V�3 V
�2 V �1:84 V

CNP 0 1 2 3�1�2�3�4�5�6 Vg; V0100200300400500600700800900�; 


Fig. 7. Gate voltage dependen
es �(Vg) at B = 0 andvarious temperatures T = 0:2 K, 0:5 K, 1 K, 1:5 K,2 K, 2:5 K, 3 K, 3:6 K, 4:1 K, 5 K, 6 K, 7 K (frombottom up)Figure 7 presents the gate voltage dependen
es ofour sample resistan
e in the zero magneti
 �eld for anumber of temperatures in the interval T = 0:19�7 K.Ea
h �(Vg) 
urve has a pronoun
ed maximum. At thelowest temperature T = 0:19 K, the position of thismaximum almost 
oin
ides with the gate voltage atwhi
h the hole and ele
tron densities are equal (CNP).Another interesting feature of the 
urves in Fig. 7 istheir asymmetri
 temperature dependen
e with respe
tto the gate voltage. We 
an see that for Vg � �1 V,i. e., when the ele
trons are the only dete
table 
arri-ers in the system, there is only a weak dependen
e ofresistan
e on temperature. But at Vg � �1 V, whenthe holes begin to populate the valen
e band, a 
on-siderable in
rease (by a fa
tor of 1.5�3) in resistan
eis observed as the temperature in
reases from 0.2 K to7 K. It is maximal in the range of �3 V � Vg � �1 Vand de
reases for higher negative gate biases. Also, asthe temperature in
reases, the maximum of the �(Vg)
urve shifts by about 0.5 V to negative gate voltages.In the next se
tion, we analyze the observed behaviorusing the theory of ele
tron�hole s
attering developedin Se
. 2.4. THEORY VERSUS EXPERIMENTDue to the ele
tron�hole s
attering, there should bea stronger temperature dependen
e of the resistivity inthe gate voltage range where both holes and ele
tronsare present, Vg � �1 V, 
ompared to Vg � �1 V, wherethe ele
trons are the only 
harge 
arriers (see Fig. 6a).1076
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t of ele
tron�hole s
attering : : :To analyze the system behavior at Vg � �1 V, we useEq. (12) in Se
. 1, des
ribing the temperature depen-den
e of resistan
e in a system with two types of 
harge
arriers when the momentum relaxation is due to theirmutual s
attering, whi
h we rewrite in the form�(T ) == �0 1 + (�=e)(Ns�p + Ps�n)1 + (�=e)(Ns � Ps)2�n�p=(Ns�n + Ps�p) : (28)Here, �0, Ns, Ps, �n, and �p are respe
tively the sys-tem resistan
e, the ele
tron and hole densities and mo-bilities at T = 0, and � is the ele
tron�hole fri
tion
oe�
ient de�ned in Se
. 1. At spe
i�ed values of theele
tron and hole densities irrespe
tive of the details ofthe s
attering me
hanism, the probability of ele
tron�hole s
attering de
reases as the square of temperature,� = �T 2, where � is a 
ertain T -independent fun
tionof Ns and Ps to be determined.In Fig. 8a, we use 
losed 
ir
les to plot the �(T )dependen
es obtained from the experimental 
urves inFig. 7 at Vg = �1:84 V, �2 V, �3 V, �4:5 V, �6 V(in Fig. 7, these gate voltages are marked with arrows).For all these gate voltages, the resistivity temperaturedependen
e saturates at T � 0:5 K. This allows us touse the values of the ele
tron and hole mobilities anddensities at these temperatures as zero-T quantities inEq. (28) when �tting it to the experimental data inFig. 8a. For ea
h of the spe
i�ed gate voltages, thesezero-T parameters were independently obtained fromthe magnetotransport data, as des
ribed in the abovedis
ussion of the 
urves in Fig. 4a,b,
. Therefore, the�tting pro
edure for ea
h value of the gate voltage inFig. 8a depends on a single parameter � in the expres-sion for �. The �tting of Eq. (28) to the data is shownin Fig. 8a by lines. The temperature range for �ttingwas 
hosen as 0.19�4.1 K. It was found that Eq. (28)does not �t well the experimental points for the tem-peratures higher than 4.1 K, possibly be
ause of othertemperature-dependent s
attering me
hanisms emerg-ing at these temperatures. The points in Fig. 8b showthe �tting parameter � as a fun
tion of the gate volt-age. In the inset, for statisti
s, we show a similar datafor another sample that was published previously [4℄.We now apply the theoreti
al results obtained inSe
. 1 for the analysis of the gate voltage dependen
eof � = �=T 2. Before we begin, it is vital to note thatthe parameter � gives a �rst-hand information aboutthe interparti
le intera
tion, whi
h makes our situationrather unique. Indeed, in the general 
ase of a 2D ele
-tron system with � � e2=h, this information 
an onlybe obtained from the study of quantum 
orre
tions,
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Vg, VFig. 8. a) Temperature dependen
es �(T ) obtainedfrom Fig. 7 for Vg = 1:84 V, 2 V, 3 V, �4:5 V, �6 V(marked with arrows in Fig. 7). The lines are the �t-ting by Eq. (28); b) the parameter � obtained from�tting the experimental data in Fig. 7 with Eq. (28).The solid line represents the theory given by Eqs. (25)�(27) with � = 1:2 and the 
onta
t intera
tion 
on-stant � = 1:36. Inset: similar experimental data fromanother sample published previously [4℄, the line 
orre-sponds to Eqs. (25)�(27) with � = 1:2 and the 
onta
tintera
tion 
onstant � = 1:64whi
h, apart from being only a few per
ent of the total
ondu
tivity, depend on the intera
tion in an indire
tand 
ompli
ated form [13�15℄.We �rst note that the weak e�h intera
tion approx-imation of our theory, given by Eq. (21), does not seemto be appli
able in our 
ase. Indeed, a dire
t 
al
u-lation of � using Eq. (21) for our system parametersand the 
orresponding values of Ns and Ps yields �about two orders of magnitude less than that observedexperimentally (Fig. 8b ). The reason for this is proba-bly related to the following fa
t. In the 
arrier density1077



M. V. Entin, L. I. Magarill, E. B. Olshanetsky et al. ÆÝÒÔ, òîì 144, âûï. 5 (11), 2013range investigated, the ratio of the s
reening 
onstantto the Fermi wave ve
tor �=min(pFh; pFe) � 20 � 1,and therefore treating the e�h intera
tion as weak be-
omes unjusti�ed. Besides, 1=� = 1:3 nm � d, whered= 20 nm is the QW width, and the 2D 
onsiderationloses appli
ability.We have taken a variety of fa
tors a�e
ting the e�hintera
tion into theoreti
al 
onsideration, ex
ept thelarge strength of the intera
tion. Besides the generaldi�
ulties asso
iated with the 
onsideration of strongintera
tion in a simple 2D 
ase, there are 
ompli
ationsdue to the spe
i�
ity of HgTe QWs.In fa
t, the individual ele
tron energy levels andwave fun
tions in a narrow-gap semi
ondu
tor are ob-tained from the size quantization of a many-
omponentwave fun
tion, whi
h results in a 
ompli
ated spa
e de-penden
e of the ele
tron density. Owing to the largestrength of the e�h intera
tion, its essential part is a
-
umulated on distan
es 
omparable to the well width.This fa
tor strongly modi�es the Coulomb intera
tion.The long-range 
omponents of the Coulomb intera
tionare suppressed, while a short-range 2D s
attering am-plitude is formed on the s
ale of the well width.Under these 
ir
umstan
es, we 
an 
onsider the e�es
attering in the simplest way, and turn to the short-range potential model represented by Eq. (23) in theisotropi
 
ase and by its extension (Eqs. (25)�(27)) forthe anisotropi
 spe
trum. Then we have only a single�tting parameter �, whose value 
annot be found inthe 2D model developed here.The solid lines in Fig. 8b and the inset are the �t-ting of Eqs. (25)�(27) to the experimental dependen
esof �(Vg) with � = 1:36 (1.64 for the data in the in-set) and the hole mass anisotropy 
oe�
ient � = 1:2 inboth 
ases. A more universal way to present the datais to plot the quantity �h3NsPs2k2B(me+mh)2�2 as a fun
tion of� = pPs=2Ns, in whi
h 
ase the experimental pointsfor both samples should fall on the same 
urve f(�; �).As we 
an see in Fig. 9, this is indeed the 
ase.The values of � obtained from the �tting in Fig. 8bappear to be too large if we assume that it repre-sents Coulomb intera
tion with the diele
tri
 
onstantof HgTe equal to 12�15. At the same time, these val-ues are in good agreement with the short-range model
onsiderations.We next dis
uss the origin of the short-range inter-a
tion in more detail. In QWs of 
onventional semi-
ondu
tors, the subbands are formed from the simpleenvelope-fun
tion states. On the 
ontrary, in a HgTequantum layer, the size quantization and the forma-tion of a gap o

ur simultaneously. The e�h intera
-

sample � 1sample � 2
1:0 1:5 2:0 2:5 3:001

23
4�01;�02; f theory f(� = 1:23; �)

(Ps=2Ns)1=2Fig. 9. The dimensionless quantity �0 == �h3NsPs=2k2B(me +mh)2�2 plotted as afun
tion of � =pPs=2Ns for the data of two samplesin Fig. 8b. The solid line represents the theory,Eq. (27)tion modi�es the bands, and the value of the e�e
tivee�h intera
tion is inevitably related to the stru
tureof the states. This determines the 
hara
teristi
 en-ergy and spatial s
ales of the e�h intera
tion: the gapas the 
hara
teristi
 energy s
ale and the width of thequantum layer as the length s
ale. This results in avalue of � 
omaparble with the one extra
ted from theexperimental data.We emphasize that a large e�e intera
tion 
onstantmeans the inappli
ability of the Born approximation forthe ele
tron�hole pair s
attering and of the Fermi-gas
on
ept. However, the 
onstant � 
an be treated asa low-energy limit of a dimensionless s
attering ampli-tude that preserves the above-mentioned estimates. Infa
t, our results 
onstitute an eviden
e that even in the
ase � � e2=h, the 2D e�h system in HgTe QW shouldbe 
onsidered a strongly 
orrelated 2D e�h liquid ratherthan a 2D e�h gas.5. CONCLUSIONSWe have developed the theory of temperature-dependent 
orre
tions to the 
ondu
tivity and mag-netotransport 
oe�
ients in a 2D semimetal. These
orre
tions are 
aused by fri
tion between ele
trons andholes. The 
orre
tions obey the quadrati
 temperaturedependen
e in the low-temperature limit. The fri
tion
oe�
ients are found for the linear-s
reened Coulombele
tron�hole intera
tion and the real spatial stru
tureof the system. In addition, 
al
ulations have beenmade for the 
ore ele
tron�hole s
attering under the1078
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t of ele
tron�hole s
attering : : :assumption that the Coulomb potential is 
ompletelys
reened. The experiments were performed in a 20 nm(013) HgTe QW. We found that the 
ondu
tivity vari-ation with temperature due to ele
tron�hole s
atteringis very large (2�3 times higher than the 
ondu
tivityin the zero-temperature limit). This allows obtaininga dire
t information about the interparti
le intera
tionin a 2D ele
tron�hole system with a high (� � e2=h)
ondu
tivity value. It has proved impossible to explainthe observed strong temperature-dependent variationof 
ondu
tivity as a 
onsequen
e of the ele
tron�holes
attering due to Coulomb intera
tion. Instead, theshort-range e�h s
attering model was found to sat-isfa
torily explain the observed large fri
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