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Onset of anisotropic transport of two-dimensional electrons in high Landau levels:
Possible isotropic-to-nematic liquid-crystal phase transition
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The recently discovered anisotropy of the longitudinal resistance of two-dimensional electrons near half
filling of high Landau levels is found to persist to much higher temperaflingsen a large in-plane magnetic
field By is applied. Under these conditions we find that the longitudinal resistivity scales quasilinearly with
B /T. These observations support the notion that the onset of anisotrdpy-& does not reflect the spon-
taneous development of charge density modulations but may instead signal an isotropic-to-nematic liquid-
crystal phase transition.
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Transport experiment on clean two-dimensional elec- opment of charge-density modulation, but instead reflects the
tron systems(2DES at high perpendicular magnetic field orientational ordering of local regions having pre-existing
have recently revealed a new class of collective phases atripe order. This idea, suggested by Fradkin and Kivefson,
low temperatures. These new phases, which have been obmerges naturally from the view that quantum and thermal
served only when electrons occupy the excited Landau levfluctuations destroy the long-range translational order of the
els, are quite different from the fractional quantized Hallstripe phases and render them analogous to nematic liquid
liquids found almost exclusively in the lowedll&0) Lan-  crystals. The onset of anisotropy is therefore viewed as an
dau leveP The new phases exhibit strong electrical transporisotropic-to-nematic phase transition. Wexler and Dofsey
anisotropies near half filling and curious re-entrant insulatinghave estimated the transition temperature to be on the order
behavior in the flanks of the third and highét#2) Landau of 200 mK, not far from the experimental result. In this pa-
level (LL). At the phenomenological level, these propertiesper, we report temperature-dependent magneto-transport
are remarkably consistent with those expected from thetudies which address this issue. Our results reveal that the
“stripe” and “bubble” charge-density wavesCDW) pre-  sharp thermal onset of resistive anisotropy is replaced by a
dicted on the basis of Hartree-Fo¢kiF) theory*® These heavily smeared transition when a strong in-plane magnetic-
inhomogeneous states are stabilized by an exchange-enerdield component8) is added to the existing perpendicular
driven tendency to phase separate which is particularly effield. This observation, which is reminiscent of the behavior
fective in the excited LLs. Near half filling, the ground state of a ferromagnet in a strong symmetry-breaking field, sup-
is approximately a unidirectional CDW, i.e., a stripe phaseports the isotropic-to-nematic liquid-crystal transition idea.
The anisotropy of the longitudinal resistance observed at thi¥ addition, we report an intriguing scaling of the resistive
filing is presumed to result from very different electrical anisotropy withT/By which may prove important in devel-
conductivities parallel and perpendicular to stripes whos@Ping & quantitative understanding of the putative nematic
orientation relative to the crystal axes of the host semiconPhase. _ _
ductor is determined by some, as yet unknown, symmetry- 1he sample used for the present experiments is a conven-
breaking field. tional single-interface GaAs/fBGa_,As heterojunction

With the filling factor v defined as the ratio of the 2D 9rown by molecular-beam epitaxy(MBE) on an
electron density, to the degeneracygB/h of a single-spin-  [001]-oriented GaAs substrate. A thin sheet of Si impurities
resolved LL, the simplest HF stripe state consists of parallelS Positioned in the AJ,,Ga ;eAs, 80 nm from the interface
strips in which the filling factorv alternates between adja- With the GaAs. Charge transfer from these donors results in a
cent integers. For example, averagefiling v=9/2, corre-  2DES whose density and low-temperature mobility ate

i il i =1.48<10" cm 2 andu=1.1x10" cnm?/Vs, respectivel
sponding to half filling of the lower spin branch of ti¢ =L 'S, resp Y
—2 LL, the local filling factor alternates between=4 and  'nese parameters are obtained after brief low-temperature
»=5. The period of this alternation is set by the competitionillumination of the sample by a red-light-emitting diode. The
between the direct and exchange Coulomb interactions and #&&mple itself is a #4 mm square cleaved from the parent
estimated to be on the order of 100 nm in typical sampleswafer. The edges of this square are parallel to[thE)] and
These same interactions also determine the temperature [@t10] crystallographic directions. Eight diffused In Ohmic
which the stripes form, and HF estimates are in the fewcontacts are positioned at the corners and midpoints of the
Kelvin range? This contrasts with the experimental observa-sides of the sample. Longitudinal resistance measurements
tion that resistive anisotropy only sets in below about 100are performed by driving a 20 nA, 13 Hz ac current between
mK. Although disorder in the 2D system may account foropposing midpoint contacts and detecting the resulting volt-
some of this discrepancy, a more interesting idea is that thage between corner contacts. We denotd&rpyandR,, the
onset of anisotropy does not in fact signal the initial devel-resistances obtained for average current flow parallel to the
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FIG. 1. (a) Longitudinal resistance anisotropy around 9/2 at T (mK)
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along[110]. (b) Temperature dependence of resistances=a9/2. ard and easy directions at=9/2. (@) and (b): Rnarg VS T for

() Ry andR,, at v=9/2 atT=25 mK vs in-plane magnetic field various in-plane magnetic ﬁel@‘ directed alonleO] and[ 110,
I XX 110 de 10 respectively(c) and(d): Analogous results foR.,s,. Note magni-
along[110] and[110]. fied vertical scale.

[1T0:| and[llO] directions, respectively. Adjustable in-plane may be obtained: Typ|ca| values are around 1 mK per
and perpendicular magnetic fields are obtainedirbysitu  glectront3
tilting of the Sample relative to the field of a Single super- Figures 2a) and 2Zb) d|sp|ay the temperature dependen-

conducting solenoidl. _ _ cies of the longitudinal resistance in the hard and easy direc-
Figure Xa) summarizes the resistance anisotropy effections, R, ,,q andRe,sy, at v="9/2. The data in Fig. @) were

observed around filling factor=9/2. The solid and dashed 5y, with the in-plane magnetic field directed algago].
curves represerR,, andR,,, respectively, al =25 mKin |, his case, the in-plane field does not interchange the prin-
a purely perpendicular magnetic fielde., Bj=0). The an-  qina ayes of the resistance anisotropy and tiRis,
isotropy is largest at half filling, wherR,,/R,, reaches a =R,,. For Fig. 2b), however, the in-plane field is along

value of a}p_proximately 60 mk in this sample. A_S Figb)L [110] and thereforedoesinterchange the hard and easy di-
shows, raising the temperature cauBgsto fall rapidly and o igng, provided3>0.5 T. With the exception of the

Ryy to rise somewhat. Above about 60 mK both resistances_ data, the traces in Fig(t9 correspond t@,,, which is

are saturated at values less than(B0This transport anisot- Riaq at the in-plane fields chosen. Figure)2and 2d)
ropy_is ".’IISO present at filling factow11/2,13/2,15/2, etc., shg:/v the corresponding results fB,, the longitudinal
albeit with decreasing strength. As reported previobélgo resistance in the easy direction, on a magnified scale. Note

anlso}ropy_ls observed in thBl=1 first excited Landau that Reas, is small compared &y, for all By at low tem-
level! nor in theN=0 lowest LL. peratures

An in-plane magnetic field can alter the orientation of the™ | .; ;
o . e . tis clear from Figs. 2a) and 2b) that a largeB) system-
resistive anisotropy in high Landau levéf$: Figure 1c) atically broadens out the variation 8%,,,4 at low tempera-

summarizes this effect by displaying the dependencég pf tures. AtB|=0 the bulk of the change iRyq,q OCCUIS in @

andRyy atv=9/2 andT=25 mK onBj. In the right half of - g 4.6y narrow window belowr~60 mK. In contrast, at
the panelB) is directed along the110] direction; in the left Bj=9 T, Rya diminishes gradually up to temperatures
half it is along[110]. For B along[110], Ry, quickly falls  apove 600 mK. This qualitative broadening effect due to the
to a small value just aRy, quickly rises to a large value: The jn-plane magnetic field occurs for both orientations of the
in-plane field interchanges the “hard” and “easy” transport fie|d relative to the crystal directions. Interestingly, the effect
directions. On the other hand, wiBy directed alond 110], is not obviously present iRq,sy, although close inspection
no such interchange occurs. These data demonstrate th#es reveal some softening at low temperatures.

large in-plane fields can overwhelm the native symmetry- The thermal broadening of the resistive anisotropy in high
breaking potential in the sample and force the hard resistandeandau levels induced by strong in-plane magnetic fields is
direction to be parallel to the in-plane field. Jungwietal}?>  reminiscent of the behavior of a ferromagnet in the presence
have argued that this effect arises from the finite thickness obf an external magnetic fiefd. Very weak external fields
the 2DES. For samples such as the present one, their Hfaerely break rotational symmetry and orient the magnetiza-
theory reveals an energetic advantage for the stripes to ligon of the system which otherwise develops spontaneously
perpendicular to the in-plane magnetic field. By comparingbelow the Curie temperatufg.. In the presence of a strong
the in-plane field required to interchange the anisotropy axeexternal field, however, the ferromagnetic transition is broad-
with this theory, an estimate of the native anisotropy energyened out in temperature and substantial magnetization is
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FIG. 3. () Temperature dependencemf,4 at v=9/2 for vari- 0 100 200 0 100 200
ous By along[110]. (b) Temperature dependence of order param- T/By) (mK/T) T/By (mK/T)
eter of the 2DXY model for various symmetry-breaking fieldsJ. < WY
Arrow denotes Kosterlitz-Thouless transition temperaturénfe©. 10~ <) N d)
present at temperatur@s>T.. For T>T_ the magnetization O E sy n E a
is that of the free spins in the system. By analogy, our ob-& %%Qe% F
servation that the high Landau level resistive anisotropy per- s
sists to high temperatures in the presence of l@gesug- S 01
gests that local stripe “moments” exist in the 2DES at such 3 3 N
temperatures. Lacking a strong symmetry-breaking in-plane ~ i N

field, these moments are disordered at high temperature an 10 160 10 1(')0
transport is isotropic. This scenario is consistent with the
nematic-to-isotropic liquid-crystal transition proposed by /By (mK/T) /By (mK/T)

Fradkin and Kivelsofi. FIG. 4. (8) and(b): Ryarq Vs the scaled temperatuféB for By

T(.) pursue this 'dia fu_rther we hf_;\v_e _e_xtra;:tid, N an aPgirected anng[lTO] and[110], respectively(c) and(d): Log-log
proximate manner, the microscopesistivitiesof the 2DES plot of the hard axis resistivityy, .4, calculated from the measured

from the n}gasured macroscop@sistancesAs emphasized egjstances, vsT/B|. Dashed lines are power lawsppaqg
by Simon,” the resistancesRp,q and Reasy in square o (T/By)~* with a=0.75.
samples exaggerate the actual anisotropy of the underlying
resistivitieSpnarg and peasy- *° This stems from the fact that larly susceptible to external symmetry-breaking fields and is
the current distribution in an anisotropic sample is quite dif-thus readily oriented by som@s yet unexplainéd) weak
ferent from that in an isotropic one. In particular, currentssymmetry breaking field in the GaAs/@a, _,As sample.
flowing in the easy direction are channeled in toward the axigradkinet al. have modeled the system as a classicad@D
connecting the source and drain contacts. As a result, th@yagnet, modified to accommodate a director field. The order
voltages present at the remote contacts used to determipirameter for the system is taken toMe=(cos(%)), where
Reasy Can be extremely small and therefore particularly sen4 is the angle between the director and an arbitrarily weak
sitive to local inhomogeneities and other defects in thesymmetry-breaking fielch. Using Monte Carlo methods,
sample. Conversely, current flow in the hard direction isthey have been able to achieve good fits to the observed
spread out more uniformly across the sample and the voltemperature dependence of the resistive anisotropy at
ages used to determiri®,,q are robust. As a consequence, =9/2 (in a different sampleusing a sensible value of the
we will focus our attention oppaq - exchange energyl, and a weak symmetry-breaking fiel,
Figure 3a) displays the temperature dependenceipfs  ~0.05). We have extended these calculations to latyes
at »=9/2 for severalB| along [110]. These resistivities simulate the effect of the large in-plane magnetic field used
were computed from the measured resistarRgsy and  in the present experiment3As Fig. 3b) shows, the tem-
Reasy under the assumption of SimofPsclassical model of perature dependence kfis systematically broadened out as
the current distribution in the sample. While this model hash increases, and it bears a strong qualitative resemblance to
shortcomings, its success in reconciling the differences bethe behavior ofpparg (ANdRp4g) at largeBy .
tween the resistive anisotropy in square and Hall bar samples We turn now to an intriguing scaling property exhibited
suggests that it provides reasonable estimates of they the longitudinal resistanc®y,.q. Figures 4a) and 4b)
resistivities'’ In any case, Fig. @) reveals thapy,,,q exhib-  display the sam&y,,,4 data plotted against thecaledtem-
its the same broadening of its temperature dependence asratureT/B (for nonzeroB)). Plotted in this way, the data
doesR; 4.4 When a large in-plane magnetic field is applied. collapse onto a single curve with impressive precision. Fig-
Fradkin et al®® and Wexler and Dorséyhave argued ures 4c) and 4d) show log-log plots of the computed resis-
that the stripe system undergoes a finite-temperaturtivities ppaq VS T/B) and again the scaling is evident. This
Kosterlitz-ThoulesgKT) transition from an isotropic state result demonstrates that the hard resisitivities depend on tem-
possessing only local stripe order to a nematic phase whogeerature and in-plane field only through the rafi®B . The
director field possesses algebraically decaying correlationsog-log plots reveal that this dependence is quasilinear: The
Below the KT transition temperature, the system is singudashed lines in the figure are proportional fb/&H)‘O-75.
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However, this specific functional form should be interpretedregions. It is, however, also possible tH&t so alters the
with caution because the data of Figga)d4and 4c) cover energetics of the electron system thatrgatesstripe order at
only a limited dynamic range. We note in passing that thelemperatures far above where anisotropic transport appears
easy direction resistand®, s, does not exhibit this scaling Spontaneously. If this is the case, then the nematic-to-
behavior. Although the origin of this difference is not known, isotropic transition interpretation of our data may be unjus-
it may be related to the aforementioned current-channelingfied. Although we cannot completely rule out such a sce-
effects which are inherent to transport in anisotropic conducario, there are good reasons to discount it. First, the data
tors. shown above clearly indicate that the in-plane field severely
The connection between the scaling behavidRef.4 and brc_)adens the onset o_f_re3|st|ve anisotropy; it does not merely
the nematic-to-isotropic phase transition picture is not yefhift the sharp transition encounteredByt=0 to a higher
understood. While at sufficiently high temperatiesolu- emperature. Second, the scaling behavior we observe is sub-

tions to the 2DXY model must eventually approach a Curie !\rrfjaérligr-:-tgi‘gnAagoggl ér:](\j’\g:]'fg bV(\)lngItge fégg;;%rlmfgg) dn
law M ~h/T, this limiting behavior is not well developed in P n P y

the h,T t hich t rel tto oull & superlinear dependence Bp.
e (n.T) parameter fange which seems most reievant o our” conclusion, we have found the anisotropy characteristic

experimental data. On the other hand, a quantitative CoMy¢ yrangport in half-filled high Landau levels to be heavily
parison of the 2DXY model with our data is hindered by proadened by a strong in-plane magnetic field. Although we
several factors. For example, the relation between th@aye concentrated here on the 9/2 state, the same effect is
symmetry-breaking parametérand the in-plane magnetic gpserved ap=11/2 and other half-filled high Landau levels.
field By is subtle and highly g,ample-specﬁﬁ:AIso, Bymay  Thjs finding suggests that local stripe moments exist at rela-
affect the transport mechanism of current along and acros§ely high temperatures where the transport is isotropic in

the stripes to some degree. Even the appropriateness of the, apsence of the in-plane field. In addition, we have also
classical 2DXY model itself can be questioned, and a morégpseryed a remarkable scaling of the resistive anisotropy

relevant model may require an incorporation of quantumyih the ratioT/B; .

fluctuations’® We emphasize, however, that the experimental ”

observation of scaling is robust and offers a new insight into We thank E. Fradkin, S. Kivelson, and V. Oganesyan for

the nature of the anisotropic phases. helpful discussions. This work was supported by the DOE
In the picture outlined above, the essential role of theunder Grant No. DE-FG03-99ER45766 and the NSF under

in-plane magnetic field is to orient pre-existing local stripedGrant No. DMR0070890.
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