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ELECTRON MOBILITY ON THE SURFACE OF LIQUID HELIUM:INFLUENCE OF SURFACE LEVEL ATOMS AND DEPOPULATIONOF LOWEST SUBBANDSP. D. Grigoriev *, A. M. DyugaevLandau Institute for Theoretial Physis142432, Chernogolovka, Mosow Region, RussiaMax-Plank-Institut für Physik Komplexer SystemeD-01187, Dresden, GermanyE. V. LebedevaInstitute of Solid State Physis142432, Chernogolovka, Mosow Region, RussiaReeived June 18, 2007The temperature dependene of eletron mobility is examined. We alulate the ontribution to the eletronsattering rate from the surfae level atoms (SLA) proposed in [10℄. This ontribution is essential at lowtemperatures T < 0:5, when the He vapor onentration is exponentially small. We also study the e�et ofdepopulation of the lowest-energy subband, whih leads to an inrease in the eletron mobility at high tempera-ture. The results obtained explain some long-standing disrepanies between the existing theory and experimenton eletron mobility on the surfae of liquid helium.PACS: 73.20.-r, 68.03.-g, 73.40.-, 67.90.+z, 68.03.Cd1. INTRODUCTIONThe two-dimensional eletron gas on the surfae ofdieletri media is the subjet of extensive researh forseveral deades (see, e.g., [1�3℄ for reviews). The ele-trons are attrated to the interfae by eletri imagefores and beome loalized in the diretion perpen-diular to the surfae. The surfae of liquid heliumhas no solid defets (impurities, disloations, et.) andgives a unique hane to reate an extremely pure 2Deletron gas. The eletron mobility on the surfae ofliquid helium usually exeeds the eletron mobility in2D quantum wells in heterostrutures by more than athousand times. This system simulates the solid-state2D quantum wells without disorder. Many fundamen-tal properties of the 2D eletron gas have been studiedwith the help of eletrons on the surfae of liquid he-lium. The many-body eletron e�ets on the surfaeof liquid helium are determined by the interation be-*E-mail: grigorev�itp.a.ru

tween eletrons and surfae waves (ripplons) and by theCoulomb eletron�eletron (e�e) interation sreenedby a substrate. The Wigner rystallization of the 2Deletron gas, indued by the Coulomb e�e interation,was �rst observed and extensively studied on the sur-fae of liquid helium (see [1�3℄ for reviews). Variousquantum eletron objets (quantum dots [4℄, 1D ele-tron wires [5℄, quantum rings [6℄, et.) an be exper-imentally realized on the liquid helium surfae. Theeletrons on the liquid helium surfae may also servefor an experimental realization of a set of quantum bitswith a very long deoherene time [7℄. The eletronproperties in all these quantum systems depend in aruial way on the struture and properties of the liq-uid helium surfae itself.The interfae between liquid helium and the va-uum is usually supposed to be sharp: the number den-sity of helium atoms dereases to zero over a distane ofintermoleular spaing, whih is muh smaller than thesize of the surfae eletron wave funtion. The ele-trons are lamped to the surfae by the image fore370



ÆÝÒÔ, òîì 133, âûï. 2, 2008 Eletron mobility on the surfae of liquid helium : : :and by the external eletri �eld. The eletrons do notpenetrate inside liquid helium beause this penetrationosts the energy V0 � 1 eV. The total potential for theeletrons on the surfae of liquid helium an be writtenas [1�3℄ V (z) = 8<: ��=z + Fz; z > 0;V0 � 1 eV; z < 0; (1)where � � e2(" � 1)=4(" + 1), " is the dieletri on-stant of helium, and F = eE? is the lamping eletri�eld. Beause the typial eletron energy is of the or-der of temperature T � V0, it is usually assumed thatV0 =1. The energy spetrum and the wave funtionsin potential (1) an be found only numerially. With-out the external �eld (F = 0), the disrete energy levelsand the eletron wave funtions are given by the sameformula as in the hydrogen atom:En = ��=n2; n = 1; 2; : : : ; (2)where � = m�2=2~2, and the eletron wave funtion ofthe lowest-energy level in the z-diretion is	e(z) = 23=2z exp(�z); (3)where  = m�=~2. The dieletri onstant of liquidhelium is "4 = 1:0572, �4 � 8 K, and  = (76Å)�1for 4He and "3 = 1:0428; �3 = 1:205 � 10�21 erg � m,�3 � 0:435 K, and  = (101Å)�1 for 3He. Hene,the eletron wave funtion is rather extended in thez-diretion, whih redues the in�uene of small sur-fae ripples on the eletron motion and makes themobility of the 2D eletrons gas on the helium sur-fae rather high. At the low eletron onentrationNe � 107 m�2, the mobility of eletrons on the liquidhelium surfae at T = 0:1 K reahes 104 m2=V � se [8℄,whih is about 104 times greater than the highest ele-tron mobility in heterostrutures.For several deades, the general opinion was thatat su�iently low temperatures, i.e., when the onen-tration of He vapor is exponentially small, the ele-trons on the surfae of liquid helium interat with onlyone type of exitations, the quanta of surfae waves,alled ripplons. Therefore, the sattering on surfaewaves was believed to be the only mehanism deter-mining the mobility, the ylotron resonane linewidth,and other properties of surfae eletrons at temperatureT . 0:5 K [1�3℄.It has been known for 40 years that bound statesof 3He atoms may appear on the surfae of liquid 4He.

These surfae bound states determine the value andthe temperature dependene of the surfae tension ofa 3He�4He mixture [9℄. Reently, similar bound stateswere proposed [10℄ in the pure He isotopes and werealled the surfae level atoms (SLA). These SLA maybe onsidered a new type of surfae exitations of liq-uid He in addition to the ripplons. It is the SLA ratherthan ripplons that determine the temperature depen-dene of the surfae tension of both liquid helium iso-topes and provide an explanation to the long-standingpuzzles [10; 11℄ in this temperature dependene [10℄. Inpartiular, the SLA explain the exponential tempera-ture dependene of the surfae tension of liquid 3Heat temperatures below 0:15 K. After taking SLA intoaount, a very good agreement (up to 0.1%) an bereahed between theory and experiment on the temper-ature dependene of the He surfae tension in a largetemperature range [10℄.An aurate mirosopi desription of this newtype of exitations is a rather ompliated many-partile problem. However, SLA an be onsideredphenomenologially, similarly to the quantum states ofhelium atoms loalized above the liquid helium sur-fae [10℄. The SLA may also propagate in the surfaeplane and have the quadrati dispersion"(k) = ESLA + k2=2M�;where k is the 2D momentum of SLA along the surfae.Both the SLA energy ESLA and the e�etive mass M�depend on the He isotope 3He or 4He. The SLA ener-gies ESLA are intermediate between the energy Eva ofa He atom in the vauum and the hemial potential �of this atom inside the liquid. If we take the energies ofHe atoms in the vauum to be zero, EHeva = 0, the hem-ial potentials are �4He = �7:17 K and �3He = �2:5 Kas T ! 0, while the energies of SLA, as suggested bythe temperature dependene of the surfae tension [10℄,are1) E4HeSLA � �3:2 K and E3HeSLA � �2:25 K: (4)Therefore, at su�iently low temperatures, the onen-tration of SLA beomes exponentially higher than theHe vapor onentration, and the in�uene of the SLA1) The value E3HeSLA is known quite aurately from the ex-periments on temperature dependene of surfae tension � (T ),sine the latter is determined by SLA only [10℄. For 4He, thereis a problem of separating the ontributions from SLA and rip-plons to � (T ), and the value E4HeSLA an be determined with anauray about 1 K.371 9*



P. D. Grigoriev, A. M. Dyugaev, E. V. Lebedeva ÆÝÒÔ, òîì 133, âûï. 2, 2008on the properties of surfae eletrons beomes more im-portant than the in�uene of He vapor. Thus, the sat-tering on the surfae level atoms a�ets the mobility,the quantum deoherene time, and other propertiesof surfae eletrons. This in�uene may give an ad-ditional experimental proof of the SLA existene andprovide information on the SLA mirosopi struture.On the other hand, there is a long-standing dis-repany between the theory [12℄ of eletron mobilityon the liquid helium surfae and the experimental data(see Fig. 2 in Ref. [8℄). First, the measured eletronmobility is usually lower than the theoretially pre-dited one. This deviation inreases as the temperaturedereases and suggests the existene of an additionalsattering mehanism, whih is important in the inter-mediate temperature range between the regions wherethe dominant sattering mehanisms are helium vaporatoms and ripplons. Seond, aording to the exist-ing theory [12℄, the ratio of eletron mobilities on 3Heand 4He surfaes at the same onentration of heliumvapor must be equal to 4He=3He = 1:33, where  isdetermined by Eq. (3), but experiment shows that thisratio strongly depends on temperature even in the re-gion where the sattering on helium vapor should bedominant [8℄. The experimental lines (see Fig. 2 inRef. [8℄) even ross eah other at the vapor densityNv � 2 � 1018 m�3. Other experiments with eletronson the helium surfae also show a onsiderable inonsis-teny between theory and experiment. Thus, the the-ory in [13℄ predits the shift of the ylotron resonanefrequeny as a funtion of the lamping eletri �eld2�3 times less than the one experimentally measuredin [14℄ (see [1; 2℄ for a review). The measured linewidthof the �vertial� (i.e., intersubband) eletron transitionsat low temperature is also onsiderably larger than thepredition of the theory.In this paper, we only onsider the eletron mobil-ity on the surfae of liquid helium. We alulate thee�et that the sattering on SLA has on the mobil-ity of 2D surfae eletrons and analyze whether thisin�uene an be experiementally separated from otherontributions (suh as the sattering on ripplons andvapor atoms) and whether taking this in�uene intoaount helps to explain the existing disrepany be-tween theory and experiment. Similar surfae statesmay also our in other liquids and solids, suh as solidhydrogen or neon, leading to similar questions. Wealso show that depopulation of the lowest-energy ele-tron subband with an inrease in temperature (quan-tum thermal evaporation) may explain the deviation ofthe measured eletron mobility from the theory in [12℄at high temperature.

2. ELECTRON SCATTERING ON HELIUMVAPOR AND ON SURFACE LEVEL ATOMSVapor atoms or SLA an be onsidered point-like impurities loalized at points ri. These impuri-ties interat with eletrons via a Æ-funtion potentialVi(r) = UÆ (r � ri). Then there is no di�erene be-tween the transport and the usual mean free time � ,whih is given by1� = 2�~ Z dz N totHe (T; z)�� Z d2p0 jTpp0 (z)j2(2�~)2 Æ ("p � "p0) ; (5)where �(p) = p2=2m� is the eletron dispersion rela-tion, m� is the e�etive eletron mass, and jvpj = p=m�is the eletron speed. The 2D matrix element of theeletron sattering by helium atom isTpp0 (z) = j	e(z)j2 U:The integration over p0 in (5) eliminates the delta-funtion, with the result1� = Z dz N totHe (T; z)	4e(z)A~�m ; (6)where A = m2U2=�~4 = 4�f20 is the ross setion ofeletron sattering on a He atom. The sattering am-plitude f0 of an eletron by a helium atom is usuallydetermined from the energy of the eletron inside liquidhelium, whih is equal to V0 = 1 eV = 2�~2f20nHe=me.At the He atom onentration nHe = 2 � 1022 m�3,this gives the sattering amplitude f0 = 0:62Å and theross setion A = 4:8Å2 [1℄. This value is in agreementwith the diret measurements of the He atom ross se-tions [15℄.The total density N totHe (T; z) of helium atoms as afuntion of the distane to the surfae is a sum of twoparts: N totHe (T; z) = Nv(T ) + ns(T; z): (7)The �rst part Nv is the density of helium vapor. It isroughly independent of z and is given byNv = ��MkBT2�~2 �3=2 exp��He �EHevakBT � ; (8)with the spin degeneray � = 1 for 4He and � = 2 for3He. The seond part ns(z) is the density of SLA. Itdepends on the wave funtion 	s(z) of an atom on thesurfae level: Ns(T; z) = ns(T )	2s(z): (9)372



ÆÝÒÔ, òîì 133, âûï. 2, 2008 Eletron mobility on the surfae of liquid helium : : :The 2D SLA density ns(T ) di�ers onsiderably for 3Heand 4He [10℄. For 4He, it is given by the density ofstates of a 2D Bose gas:ns4(T ) = Z d2k(2�~)2 1exp ��"4(k)� �4He� =T �� 1 == �M4T2�~2 ln �1� exp���4T �� ;where �4 = E4HeSLA � �4He � 4 K is almost tem-perature independent and the SLA e�etive mass isM4 � 2:6 M 4He0 . For 3He, the SLA form a 2D Fermigas with the densityns3(T ) = 2 Z d2k(2�~)2 1exp ��"3(k)��3He� =T �+1 == M3T�~2 ln �1 + exp���3 (T )T �� ; (10)where M3 � 2:25M 3He0 and�3 (T ) = E3HeSLA (T )� �3He (T ) : (11)As T ! 0, �3 = E3HeSLA � �3He � 0:25 K [10℄. Thetemperature dependene of the 3He hemial potential�3He (T ) is stronger than that for 4He and may be es-sential even at low temperature [16; 17℄.Assuming the eletron sattering amplitude on va-por He atoms and on the SLA to be idential, we use (6)to alulate the eletron mobility �e as�e � �m = 1�~A [Nv(T )Iv + ns(T )Is℄ ; (12)where we introdue the notationIs = Z 	4e(z)	2s(z) dz (13)and Iv = Z 	4e(z) dz: (14)In a weak lamping �eld E? � 200 V/m, we an takewave funtion (3) for the ground eletron level, whihgives Iv � 1Z0 dz h23=2z exp(�z)i4 = 3=8: (15)In the absene of SLA, we then obtain [12℄� � 83�~ANv(T ) : (16)

This estimate of the eletron mobility is greater thanthe experimentally measured one by a onstant fatorabout 2 [8℄, whih stimulates the study of eletron sat-tering by SLA.To alulate the integral in (13), we must know thewave funtion 	2s(z). An exat alulation of 	s(z) isa ompliated many-partile problem. To estimate theontribution of sattering on surfae atoms to the ele-tron mobility, we an use an approximate wave funtionsimilar to the eletron wave funtion in (4),	s(z) = 23=2s z exp(�sz) (17)(to be ompared with (3)), with s = p�2MESLA=~,where ESLA is the energy of the surfae level and Mis the free atom mass: M 4He = 6:7 � 10�24 g andM 3He = 5:05 � 10�24 g. This gives 4Hes � (1:3Å)�1and 3Hes � (1:87Å)�1. Although the atual SLA wavefuntion may di�er from (17), as disussed below, trialfuntion (17) follows the orret asymptoti behavior:it vanishes as z ! 0 and dereases exponentially asz !1. With (17), we evaluate integral (13) asIs = Z 646e3sz6 exp[�2(s + 2e)z℄ dz == 3603s6e(s + 2e)7 � 2e "360�es�4# : (18)The ratior � ns(T )IsNv(T )Iv � ns(T )Nv(T ) 9603s5e(s + 2e)7 (19)may be less or greater than unity depending on thetemperature and the lamping eletri �eld. This ratiodetermines the role of SLA in the momentum relax-ation of surfae eletrons. At low enough temperature,when the vapor atom density Nv(T ) is negligible om-pared with the SLA density beause of the large nega-tive exponent in (8), the ratio in (19) is muh greaterthan 1. In the opposite limit of high temperature,when exp ���He �EHeva� kBT � in Nv(T ) is not negligi-bly small, the ratio is muh less than 1 beause of theseond fator in the right hand side of Eq. (19), whihontains the small fator (e=s)4 � 10�7.This small fator (e=s)4 in (18) indiates that theoverlap of the eletron and SLA wave funtions 	e(z)and 	s(z) is small. The SLA wave funtion is loatedat a distane of the order of or less than 5Å from the he-lium surfae, while the eletron wave funtion given byEq. (3) vanishes at the surfae. Therefore, integral (13)depends strongly on the behavior of the eletron wavefuntion near the helium surfae. The surfae eletron373



P. D. Grigoriev, A. M. Dyugaev, E. V. Lebedeva ÆÝÒÔ, òîì 133, âûï. 2, 2008spetrum in (2) and the ground-state wave funtion (3)were alulated assuming that the potential barrier atthe helium surfae is in�nite. As shown in [18℄, theeletron spetrum ould be hanged distintly if a �nitevalue of the surfae potential is taken into aount. The�nite height of this potential barier shifts the eletronwave funtion toward helium liquid z < 0, making itsvalue at the surfae onsiderably larger. On the otherhand, due to the strong repulsion between two heliumatoms at short distanes, the atual SLA wave fun-tion is shifted outward from the surfae by the distaned � 1:5Å. It also depends on the density pro�le of liq-uid helium near its surfae. We performed a numerialalulation of the eletron wave funtion 	e(z) assum-ing a �nite value of the potential V (z) at the heliumsurfae z = 0 and taking the lamping eletri �eld intoaount. In alulating the SLA wave funtion 	s(z),we use the model potentialVs (z) = ( ��=z3; z > d;+1; z < d;where � gives the orret asymptoti behavior at largedistane, �4He = 117K�Å3 and �3He = 87:8K�Å3 2),and d is �tted to give the orret energy level value(d3He = 1:55Å and d4He = 1:79Å). Then the inte-gral in (13) beomes approximately 20 times largerthan (18), beingIs3 � 4:3 � 10�8Å�2; Is4 � 1:3 � 10�7Å�2 (20)for 3He and for 4He orrespondingly.In a strong lamping eletri �eld, the satteringrate of eletrons inreases due to an inrease in the ele-tron veloity in the z-diretion: vze � ~e=me [2℄. Forthe sattering on vapor atoms, this inrease is slowerthan for the sattering on SLA and ripplons. Beausee enters the ratio in (19) in the �fth power, the roleof the sattering on SLA beomes more important instronger lamping �elds. It is impossible to analytially�nd the wave funtion of surfae eletrons in the pres-ene of both the image potential and the lamping �eld.Approximate analyti estimates show that in a ratherstrong lamping �eld (300 V/m < E? < 105 V/m),the sattering rate on vapor atoms inreases asIv / Z 	4 (x)x / E1=3? ;2) These values of � orrespond to the van der Waals attra-tion of an atom to the liquid helium distributed uniformely in thehalf-spae: �He = (�=6)�6nHe, where �6 � 1:02�104K�Å3 is theoe��ent in the Lennard�Jones potential [18℄ and the atom den-sities are n3He = 1:635�1022 m�3 and n3He = 2:184�1022 m�3.
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Fig. 1. The ground state eletron wave funtion in theviinity of the 3He surfae for three values of the lamp-ing eletri �eld: E = 0 (solid line), E = 10 V/m(dashed line), and E = 100 V/m (dashed-dottedline)while the sattering on SLA inreases stronger,IS / 	4e(1=s) / E2=3? :We note that the sattering rate on ripplons in a strong�eld E? > 300 V/m is proportional to E2?, i.e., theripplon ontribution to the sattering rate in high �eldgrows even stronger. The results of the numerial al-ulation for the eletron wave funtion at di�erent �eldsand for the integral IS(E?) with a �nite value of thebarrier V0 in Eq. (1) are shown in Figs. 1 and 2.In an approximate analysis, the variational methodis traditionally used with the trial wave funtion (3),where = 13 26401 +0�1 +s1��01�61A1=3 ++ 0�1�s1��01�61A1=3375 (21)is the variational parameter [1, 3℄ with 1 == (30 + 273F=2)1=3, 0 �  (E? = 0), and 3F == 3meE?=2~2. For the eletron onentrationne = 1:21 � 107 m�2, as in the experiment on 3He inRef. [8℄, the minimum possible value of eE? = 2�e2neis approximately 10 V/m. The atual lamping �eldfor similar experiments was about 50 V/m (see,e.g., [18℄). The substitution of this value in (21) gives374
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Fig. 2. Normalized sattering rate on SLA, whih isproportional to integral (13), as a funtion of thelamping eletri �eld. This �gure shows that the sat-tering rate on SLA depends very strongly on the lamp-ing �eld (IS = IS(E) is alulated numerially takingthe eletron penetration under the barrier into aount,and I0S = IS(E = 0) is taken from Eq. (18)) = 0 with the auray of 6 deimal digits. But anumerial solution of the Shrödinger equation for theeletron wave funtion under the onditions of thisexperiment shows that the eletron wave funtion inthe presene of an eletri �eld di�ers pereptibly fromthe one in zero �eld. The results of the simulationfor the eletron above the 3He surfae is shown inFig. 1. Beause the eletron wave funtion shrinks asthe lamping �eld beomes stronger, the integral Ivin (14) inreases and eletron mobility (12) dereases.Our numerial results show that formula (21) isnot valid for the intermediate lamping �elds about10�300 V/m.To ompare the alulated mobility of eletronson the He surfae with experiment, we have to takethe eletron sattering by ripplons into aount. Theripplon-limited mobility in a weak lamping �eld isgiven by the formula [1℄�R = 9�~3m2�22T � mdyn � s� ; (22)and in a strong lamping �eld E? it is�R = 8�~m(eE?)2 : (23)The surfae tension of 4He is �4 = 0:354 dyn/m, and

in the limit of weak lamping �eld, we obtain�4HeR � 103kBT � sg� = 1:18 � 107T [K℄ � m2V � s� : (24)On the surfae of liquid 3He, only short-wavelengthripplons are suppressed by the high visosity of theliquid (see Eqs. (26)�(29) in Ref. [10℄ for the rite-rion of damping of thermal ripplons). But the leadingontribution to eletron sattering omes from long-wavelength ripplons. Therefore, the ripplon ontribu-tion to the eletron sattering on the surfae of 3Hemust be taken into aount. The surfae tension of3He is �3 = 0:1557 dyn/m, and using Eq. (22) in thelimit of weak lamping �eld, we obtain�3HeR � 1390kBT � sg� = 1:6 � 107T [K℄ � m2V � s� : (25)The total eletron mobility is��1tot = ��1e + ��1R ; (26)where ��1e is given by Eq. (12). At su�iently lowtemperatures, when the onentration of helium vaporis negligible and only sattering on ripplons and SLAis important for 4He, Eqs. (12), (20), and (24) yield�tot = �R1+�R=�e � �R1��4 ln [1� exp (��4=T )℄ ; (27)where �4 � 2. For T � �4, this beomes�tot � �R1 + �4 exp (��4=T ) :Beause �4 � 4 K, the ontribution to eletron sat-tering from the SLA on 4He is negligible at all tempera-tures. It is muh less than the ontribution from vaporatoms for T > 1 K and muh less than the ontributionfrom ripplons for T < 1 K.The situation is di�erent for 3He. Performing simi-lar estimates, we then obtain�tot = �R1+�R=�e � �R1+�3 ln [1+exp (��3=T )℄ ; (28)where �3 � 1:4. For T � �3 � 0:25 K, this beomes�tot � �R1 + �3 exp (��3=T ) ;while for T � �3, ln [1 + exp (��3=T )℄ � ln 2 andEq. (28) beomes �R+SLA � �R=2:Therefore, the ontribution of SLA to eletron satter-ing on the 3He surfae an be deteted from the tem-perature dependene of eletron mobility in (28). Theshift of the solid line with respet to the dashed lineat low temperatures in Fig. 3 is due to the eletronsattering by SLA.375
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5

10

0.8 1.0 1.2 1.4 1.6 1.8

T, K1.0

1.1

1.2

1.3

1.4

1.5

ηe/η0

Eex = 20 V/m
Fig. 4. The normalized sum �e=�e0 == �e�~ANv(T )I0=n0 in (29) alulated for 4Heas a funtion of temperature at three di�erent valuesof the external lamping �eld: Eex = 5, 10, 20 V/m.This plot shows how great is the inrease in the surfaeeletron mobility due to the evaporation of eletronsfrom the lowest subbandexited level. At high temperature, the total eletronmobility (29) may di�er onsiderably from the ontri-bution �0 = [�~ANv(T )I0℄�1 of the ground level. Wenote that the sum in the numerator of Eq. (29) inreasesfaster than the partition funtion in the denominatorbeause of an extra fator 1=Ik. For low eletron lev-els, the external lamping �eld is a small orretionto the image potential, and 1=Ik � k2 as in the hy-drogen atom. For higher levels, the lamping �eld de-termines the eletron wave funtion and 1=Ik � k2=3:Although the population of higher levels is not verylarge (about 0.01�0.05), the eletrons on these levelsontribute to the ondutivity muh more than theground-level eletrons. Evaluating sum (29) requiresknowing the energy spetrum and the wave funtionsin potential (1). For an estimate of the sum in (29),we use the semilassial approximation for all exitedlevels k � 2. For the ground energy level k = 1, abetter auray is ahieved using the exat solution ofthe Shrödinger equation in the absene of an external�eld, whih gives E1 = �7:5 K. To hek the resultsof the semilassial alulation, we also alulated thesum in (29) using the numerial solution of the exatShrödinger equation for the eletron energy levels andthe wave funtions for the �rst three exited levels.The result of the alulation of the sum in (29)376



ÆÝÒÔ, òîì 133, âûï. 2, 2008 Eletron mobility on the surfae of liquid helium : : :as a funtion of temperature is shown in Fig. 4for three values of the lamping �eld: the �eldEsatex = 2�ene = 10 V/m of saturation of the ele-tron density in the experiment in Ref. [8℄, the �eldEex = 20 V/m, and the �eld Eex = 5 V/m. Theinrease in the eletron mobility on the helium sur-fae ��e depends strongly on temperature. At thelamping �eld Esatex = 10 V/m and the temperatureT = 1:3 K, whih orresponds to the 4He vapor densityNv = 1019 m�3, the alulated inrease in the ele-tron mobility due to evaporation from the lowest-ener-gy level is ��e � 10% of the total mobility. This in-rease is not su�iently large to agree quantitativelywith the experimental data in Fig. 2 in Ref. [8℄. Inpartiular, the rossing of the alulated eletron mo-bilities on 3He and 4He surfaes at Eex = 10 V/mours at the eletron temperature Te � 1:6 K, whilein the experiment in Ref. [8℄, this rossing ours atthe vapor density Nv � 2 � 1018 orresponding to thetemperature T � 1:1 K.This disrepany may our for two reasons. First,the eletron temperature Te may di�er from the heliumtemperature due to the heating of eletrons by the ele-tri �eld Ek parallel to the surfae, whih is applied tostudy the eletron mobility. The warm eletrons leavethe lowest-energy level and interat less with the heliumvapor atoms and with ripplons. Hene, the energy re-laxation of the warm eletrons is not as fast as for theeletrons on the lowest-energy subband. The problemof heating the eletron system by the parallel eletri�eld was onsidered in Refs. [19℄. The eletron tem-perature beomes onsiderably higher than the heliumtemperature at the �eld Ejj & 10�3 V/m. The seondreason ould be the sreening of the external eletri�eld by other eletrons. Assuming that the experimentin [8℄ was arried out in the saturation regime, i.e.,with E? � 2�ene, the eletri �eld well above the 2Dlayer of surfae eletrons is zero, beause it is sreenedby the �eld �E? = 2�ene of the 2D layer of surfaeeletrons. This sreening is omplete only for high ele-tron levels with hzik � (ne)�1=2 and k & 200. How-ever, even partial sreening of the external eletri �eldmay drastially hange the temperature dependene ofthe eletron mobility (see the alulated eletron mo-bility at Eex = 5 V/m plotted in Fig. 4). Beausethe partition funtion Pk exp (�Ek=T ) diverges with-out an external �eld, the high levels may make an es-sential ontribution to the eletron mobility if the valueof the lamping eletri �eld orresponds to the satu-ration regime Eex = 2�ene. We see that the eletronmobility on the helium surfae at high temperature de-pends strongly on the applied eletri �eld. Unfortu-
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P. D. Grigoriev, A. M. Dyugaev, E. V. Lebedeva ÆÝÒÔ, òîì 133, âûï. 2, 20084. CONCLUSIONTo summarize, we investigated the two e�ets thatin�uene the mobility of eletrons on the surfae of liq-uid helium.First, we studied the eletron sattering by the newtype of exitations, reently proposed in Ref. [10℄ andalled surfae level atoms (SLA). The eletron satter-ing by SLA is redued by the small overlap betweenthe wave funtions of eletrons and SLA. It turns outto be negligible for eletrons on the surfae of liquid4He. Eletron sattering on SLA is only essential onthe 3He surfae at temperatures below 0.4 K, when theonentration of helium vapor is exponentially small.The eletron sattering rate on SLA inreases with aninrease in the lamping eletri �eld. The temperatureand lamping �eld dependene of the SLA ontributionto the eletron sattering di�ers onsiderably from thatof ripplon sattering (see Eq. (28)). Therefore, the ele-tron sattering by SLA an be separated from the ex-perimental data on eletron mobility above 3He, whihan provide an additional proof of the existene of SLA(urrently, the only experimental substantiation of theSLA existene omes from the temperature dependeneof the surfae tension of liquid He [10℄). The ontribu-tion from the SLA improves the agreement betweentheory and experiment as regards the surfae eletronmobility (see Fig. 3). But this ontribution alone isnot su�ient to explain all puzzles in the temperaturedependene of the surfae eletron mobility. For ex-ample, it does not explain the eletron mobility twotimes smaller than predited in the paper [12℄ at a tem-perature about (0.5�1) K when only the sattering byvapor atoms should be essential. A quantitative esti-mate of the ontribution of SLA to the surfae eletronsattering rate requires a more profound study of themirosopi struture of SLA. We leave this study forfuture publiations, showing only that the SLA mayonsiderably hange the surfae eletron mobility ina ertain temperature range. The SLA may also af-fet other properties of the surfae eletrons, suh asthe ylotron resonane line width and the quantumdeoherene time of surfae eletrons in various on-�gurations. In partiular, the SLA may onsiderablyin�uene the properties of quantum eletron states onthe helium surfae in the on�ning in-plane potential.Sine the ripplon-limited width of the eletron transi-tions between loalized states in quantum dots on thesurfae of liquid helium is muh smaller than the levelwidth of deloalized eletrons [22�24℄, the ontributionto the level broadening and to the quantum deoher-ene time from the SLA ould be dominant.

At high temperatures, T > 1 K for 4He andT > 0:7 K for 3He, the evaporation of eletrons fromthe lowest energy subband may beome essential. Thisevaporation leads to a onsiderable inrease in theeletron mobility, whih depends strongly on the tem-perature and on the external lamping �eld (see Fig. 4).This evaporation explains the inrease in the measuredeletron mobility [8℄ at high temperature ompared toSaitoh formula (16). This evaporation also explainsthe rossing of the mobility graphs of 3He and 4Heas funtions of the He vapor onentration, whih inthe experiment in [8℄ ours at Nv � 2 � 1018. Quan-titative results of the temperature dependene of theeletron mobility depend very strongly on the valueof the lamping eletri �eld, whih is not given inRef. [8℄. Therefore, we perform only a qualitative om-parison with the experimental data on the temperaturedependene of eletron mobility.The work was supported by the RFBR (grants�� 06-02-16551, 06-02-16223).APPENDIXSemilassial alulation of energy levels andeletron wave funtionsThe Bohr � Zommerfeld quantization rule with po-tential (1) an be written as�zZ0 dxs2m�En � Fx+ �x� = �~�n� 14� ; (A.1)where the turning point is determined by�z = En2F +s�En2F �2 + �F :The semilassial wave funtions are	(z) == Cpp 8>>>>>>><>>>>>>>: os8<:1~ ������ zZ�z p dz������� �49=; ; z < �z;12 exp8<:�1~ ������ zZ�z p dz������9=; ; z > �z: (A.2)The eletron momentum is given byp (z) �p2m jE � V (z)j;378



ÆÝÒÔ, òîì 133, âûï. 2, 2008 Eletron mobility on the surfae of liquid helium : : :where the potential V (z) is given by Eq. (1).Introduing the normalized oordinate and energyx1 = xpF=�; E� � E=pF�;we rewrite Eq. (A.1) asa1 �z1Z0 dx1pE�n � x1 + 1=x1 = �n� 14� ; (A.3)�z1 = E�n2 +s�E�n2 �2 + 1;where for the external �eld orresponding to the satu-ration of the eletron density Eex = 2�ene = 10 V/m,a1 � p2m�~ (�)3=4F 1=4 � 1:54:The integral in (A.3) an be expressed in terms of el-lipti integrals, and Eq. (A.3) an easily be solved nu-merially. The solution of this equation �ts the depen-dene Ek = C1 (k � C2)2=3 with high auray startingfrom k = 4 for the �eld Eex > 5 V/m. The on-stant C1 � (Eex)2=3 in the absene of the image poten-tial. The auray of the semilassial approximationinreases with the level number and is about 5% for theseond energy level. The alulation of Ik � R 	4k(z) dzwas performed using wave funtions (A.2). For the low-est three levels, the dependene Ik � I1=k2 orrespond-ing to the absene of the external �eld is satis�ed onlyvery roughly. For higher levels (k � 4), the dependeneIk � k�2=3 is satis�ed with high auray, whih or-responds to the absene of the image potential. Thesemilassial approximation allows an easy numerialalulation of the sum in (29) with a very large num-ber of energy levels.REFERENCES1. V. B. Shikin and Yu. P. Monarkha, Two-DimensionalCharged Systems in Helium (in Russian), Nauka,Mosow (1989).2. V. S. Edel'man, Sov. Phys. � Uspekhi 130, 676(1980).3. Y. Monarkha and K. Kono, Two-Dimensional CoulombLiquids and Solids, Springer-Verlag (2004).4. G. Papageorgiou, P. Glasson, K. Harrabi et al., Appl.Phys. Lett. 86, 153106 (2005).5. B. A. Nikolaenko, Yu. Z. Kovdrya, and S. P. Glad-henko, J. Low Temp. Phys. 28, 859 (2002).6. A. M. Dyugaev, A. S. Rozhavskii, I. D. Vagner, andP. Wyder, JETP Lett. 67, 434 (1998).
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