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HALL AND TRANSVERSE EVEN EFFECTS IN THE VICINITYOF A QUANTUM CRITICAL POINT IN Tm1�xYbxB12N. E. Slu
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hnology141700, Dolgoprudnyi, Mos
ow Region, Russia
Frantsevi
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e, National A
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es of Ukraine03680, Kiev, UkraineRe
eived July 19, 2011,revised version Mar
h 12, 2012The angular, temperature, and magneti
 �eld dependen
es of the resistan
e re
orded in the Hall e�e
t ge-ometry are studied for the rare-earth dode
aboride Tm1�xYbxB12 solid solutions where the metal�insulatorand antiferromagneti
�paramagneti
 phase transitions are observed in the vi
inity of the quantum 
riti
al pointx
 � 0:3. The measurements performed on high-quality single 
rystals in the temperature range 1:9�300 K forthe �rst time allow revealing the appearan
e of the se
ond harmoni
 
ontribution, a transverse even e�e
t inthese f

 
ompounds near the quantum 
riti
al point. This 
ontribution is found to in
rease drasti
ally bothunder the Tm-to-ytterbium substitution in the range x > x
 and with an in
rease in the external magneti
�eld. Moreover, as the Yb 
on
entration x in
reases, a negative peak of a signi�
ant amplitude appears on thetemperature dependen
es of the Hall 
oe�
ient RH(T ) for the Tm1�xYbxB12 
ompounds, in 
ontrast to theinvariable behavior RH(T ) � 
onst found for TmB12. The 
ompli
ated a
tivation-type behavior of the Hall
oe�
ient is observed at intermediate temperatures for x � 0:5 with a
tivation energies Eg=kB � 200 K andEa=kB = 55�75 K, and the sign inversion of RH(T ) is dete
ted at liquid-helium temperatures in the 
oherentregime. Renormalization e�e
ts in the ele
tron density of states indu
ed by variation of the Yb 
on
entra-tion are analyzed. The anomalies of the 
harge transport in Tm1�xYbxB12 solid solutions in various regimes(
harge gap formation, intra-gap many-body resonan
e, and 
oherent regime) are dis
ussed in detail and theresults are interpreted in terms of the ele
tron phase separation e�e
ts in 
ombination with the formation ofnanosize 
lusters of rare earth ions in the 
age-glass state of the studied dode
aborides. The data obtainedallows 
on
luding that the emergen
e of Yb�Yb dimers in the Tm1�xYbxB12 
age-glass matrix is the originof the metal�insulator transition observed in the a
hetypal strongly 
orrelated ele
tron system YbB12.1. INTRODUCTIONHall e�e
t measurements are usually 
onsidered oneof key experiments to reveal a transformation of theele
tron ex
itation spe
trum in the vi
inity of a quan-tum 
riti
al point (QCP) [1; 2℄. Re
ently, the anoma-lies of the Hall 
oe�
ient were observed in varioussystems near an antiferromagneti
 (AF) QCP (at theNéel temperature TN = 0), whi
h 
orresponds to thetransition from the antiferromagneti
 to paramagneti
*E-mail: nes�lt.gpi.ru

state in heavy-fermion systems with metalli
 
ondu
-tivity [3�6℄. Be
ause the magneti
 order in heavy-fer-mion metals is usually attributed to the onset of amagneti
 stru
ture of the lo
alized magneti
 momentsof rare-earth ions, the 
onsidered antiferromagneti
�paramagneti
 transition from the magneti
 to nonmag-neti
 heavy-fermion ground state through the QCPmay be simultaneously a

ompanied by delo
alizationof the ele
troni
 states of the rare-earth ions.In the ongoing dis
ussion on the nature of the ele
t-ron stru
ture transformation in rare-earth 
ompounds574
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ts in the vi
inity : : :in the nearest vi
inity of the QCP, two possible s
ena-rios of the quantum phase transition are analyzed mosta
tively. A

ording to the �rst approa
h, the lo
ali-zed magneti
 moments of rare-earth ions at the QCPare 
oupled to itinerant ele
trons in the many-bodystates, su
h that these heavy fermions form antinodesof the spin-density wave in the metalli
 matrix [7�9℄.In the alternative s
enario, an abrupt 
hange in theFermi surfa
e volume o

urring at the QCP owing tothe de
ay of many-body states 
auses an �unfreezing�of the lo
alized magneti
 moments of the rare-earthions [1; 9℄. The third, quite di�erent approa
h to theinterpretation of 
harge transport anomalies in substi-tutional solid solutions CeCu6�xAux was re
ently pro-posed in [6℄, where the Hall e�e
t was studied in detailin the vi
inity of the AF QCP x
 � 0:1. In parti
u-lar, along with a remarkable in
rease in the Hall 
oef-�
ient near the QCP, the appearan
e of even harmon-i
s (in magneti
 �eld) in the Hall resistan
e observedin [6℄ was attributed to the o

urren
e of ele
tron-typephase separation in these heavy fermion 
ompoundsin the vi
inity of the QCP. Keeping in mind the ex-amples of the systems with fast 4f�5d spin �u
tua-tions and the AF QCP in whi
h the metal�insulatorand antiferromagneti
�paramagneti
 transitions o

ursimultaneously, it is of interest to investigate the Halle�e
t features in the vi
inity of the AF QCP with themetal�insulator transition.One of the most 
onvenient 
ompounds for thesetest experiments is the Tm1�xYbxB12 system, wherethe thulium-to-ytterbium substitution 
auses the devel-opment of an AF instability in approa
hing the QCPat x = x
 � 0:3 [10℄ and the metal�insulator transi-tion is observed in a wide vi
inity of the QCP. Neutrondi�ra
tion studies of TmB12 have shown that within ex-perimental resolution, the magneti
 stru
ture of the an-tiferromagnet (Néel temperature TN � 3:2 K [10�12℄)
an be well des
ribed as an in
ommensurate one withthe propagation ve
tor q = (1=2 + Æ; 1=2 + Æ; 1=2 + Æ),where Æ = 0:035�0.038 [11; 12℄. The 
ontinuous metal�insulator transition o

urs in the Tm1�xYbxB12 seriesin the 
on
entration range 0 < x � 1 and is a

om-panied by a huge (� 107 times) in
rease in resistivityfrom 4 �
�
m (TmB12) and 10 
�
m (YbB12) [10; 13℄.It is worth noting here that a

ording to the resultsof Seebe
k 
oe�
ient measurements [10℄ in the rangex � 0:3, the a
tivation energy Eg=2 on the mag-neti
 side of the antiferromagneti
�paramagneti
 tran-sition in
reases drasti
ally from zero in the antifer-romagneti
 metal TmB12. Above x
, the dedu
edvalue Eg=kB = 120�160 K [10℄ be
omes approxi-mately equal to the band gap obtained from the 
harge

transport [13℄, NMR [14℄, and heat-
apa
ity measure-ments [15℄ for the YbB12 narrow-gap semi
ondu
torwith strong 
harge and spin �u
tuations.We note that the main 
ontribution to the ele
-troni
 relaxation time � in these Yb-based dode
a-borides is the s
attering of 
harge 
arriers by fast 4f�5d
harge and spin �u
tuations with � � 10�13 s [16℄.At the same time, the e�e
tive masses determinedfrom the quantum os
illations are not very large,m� = (0:5�1:2)m0 [17℄. As a result, in the 
aseof Tm1�xYbxB12 
ompounds, the magneti
 �elds�0H � 10 T 
orrespond to the low-�eld limit of gal-vanomagneti
 e�e
ts. These properties are measuredunder the 
ondition !
� < 1 (where !
 is the 
y
lotronfrequen
y), whi
h implies that ea
h itinerant ele
tron
an only 
omplete a very short segment of its 
y
lotronorbit during its mean free lifetime between 
ollisions.It is also worth noting that a nearly temperature-independent behavior of the Hall 
oe�
ient was foundpreviously for all metalli
 dode
aborides RB12 (R == Ho, Er, Tm, Lu) with su�
iently small negative val-ues RH = �(3�4)�10�4 
m3/C [18℄. Furthermore, bothof the opti
al 
ondu
tivity measurements [19℄ and theband stru
ture 
al
ulations [20�23℄ have allowed esti-mating the plasma frequen
y ~!pl � 1:6 eV at roomtemperature for YbB12 and the nonmagneti
 referen
e
ompound LuB12. The relatively high value of !pl iden-ti�es the dode
aborides as good metals with a 
ondu
-tion band, whi
h is 
onstru
ted predominantly from5d states of the rare earth ions hybridized with boron2p orbitals. Re
ently, pre
ision measurements of thespe
i�
 heat and Hall e�e
t, as well as detailed stud-ies of low-temperature Raman spe
tra were performedon single 
rystals of the nonmagneti
 referen
e 
om-pound lutetium dode
aboride with various boron iso-tope 
ompositions, indi
ating the formation of a disor-dered 
age-glass state in LuB12 at liquid-nitrogen tem-peratures [24; 25℄. Taking the similarity of the 
rystaland ele
troni
 stru
tures of LuB12 and YbB12 into a
-
ount, it is natural to expe
t that the disordering e�e
tsare essential in the formation of the insulating groundstate in this ar
hetypal strongly 
orrelated ele
tron sys-tem, the narrow-gap semi
ondu
tor YbB12.The main goal of this work is therefore to 
arefullyinvestigate the Hall e�e
t in Tm1�xYbxB12 
ompoundswith the AF QCP and metal�insulator transition.Moreover, an extraordinarily strong transverse even ef-fe
t has been dete
ted and analyzed re
ently [6℄ in thear
hetypal heavy hermion 
ompounds CeCu6�xAux inthe vi
inity of the AF QCP (x = 0:1). To investigateboth these odd and even transverse voltages in the Halle�e
t geometry in the series of Tm1�xYbxB12, the sam-575
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h et al. ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012ple rotation te
hnique developed about 40 years ago(see [26℄ and referen
es therein) is applied in this study(see experimental details below).As a result of the study of the Hall and even trans-verse e�e
ts in the series of Tm1�xYbxB12 solid solu-tions, we here answer two important questions about(i) the nature of the gap in the so-
alled Kondo insula-tor YbB12 and (ii) the origin of the intra-gap states inthis ar
hetypal narrow-gap semi
ondu
tor with strongele
tron 
orrelations. It is shown below that the appro-priate s
enario of the gap opening in these RB12 
on-du
tors is based on the formation of R3+�R3+ dimersin the matrix of Tm1�xYbxB12. In more detail, theformation of randomly disposed dimers with the sizeap1 � 5Å is argued to be the reason of the lo
al gap(on the s
ale of the RB12 unit 
ell with Eg � 18 meV)emerging near the Fermi energy EF in the 
ondu
tionband of these 
ompounds. Additionally, the intra-gapmany-body resonan
e developed in Tm1�xYbxB12 atEF is dedu
ed for the �rst time from the Hall e�e
tmeasurements together with the se
ond harmoni
 term(transverse even e�e
t), whi
h is 
aused by the e�e
tof ele
troni
 phase separation.2. EXPERIMENTAL DETAILSIn the present study, the angular, temperature,and magneti
-�eld dependen
es of the resistan
e�H(';H0; T0) from the Hall probes and the resistivity�(T ) are investigated for substitutional solid solutionsTm1�xYbxB12 in the range of 
ompositions 0 � x �� 0:81 at temperatures in the interval 1.9�300 K inmagneti
 �elds up to 8 T. The measurements wereperformed on high-quality single 
rystals of rare-earthdode
aborides.2.1. Samples investigatedThe single 
rystals of Tm1�xYbxB12 solid solutionswere prepared in a multistage pro
ess 
onsisting of (i)synthesis of the sour
e powders, (ii) their 
ompa
tingand sintering into rods, and (iii) growth of the single
rystals by indu
tive zone melting. At ea
h stage, thesingle-phase state of the produ
t was veri�ed by X-ray di�ra
tion and other experimental te
hniques. TheTm1�xYbxB12 sour
e powders were synthesized by theredu
tion of a mixture of the thulium and ytterbiummetal oxides taken in the 
orresponding ratio in thepresen
e of boron at 1900 K in a va
uum a

ording tothe routine rea
tion

311

100

210Fig. 1. X-ray Laue pattern from the lateral 
ross se
tionof a raw single 
rystal with the nominal 
ompositionTm0:75Yb0:25B12. Deviation of the growth dire
tionfrom [100℄ is about 10Æ(1� x)Tm2O3 + xYb2O3 + 27B!! 2Tm1�xYbxB12 + 3BO"(0 � x � 0:81):The respe
tive 
ontent of the main substan
e in theinitial Tm2O3 and Yb2O3 oxides was 99.986 and99.998 wt.%, and this 
ontent in the initial amorphousboron powder was higher than 99.5 wt.%. The highlyvolatile impurities present in boron were deleted in twostages: (i) during the synthesis pro
edure and, afterthat, (ii) in the zone melting pro
ess.The undertaken X-ray phase analysis has shownthat the synthesized powders are single-phase produ
t,i. e., the 
ompositions Tm1�xYbxB12 (0 < x � 0:81)
onstitute a 
ontinuous series of solid solutions withthe 
rystal stru
ture of the UB12 type. The result-ing powders were then 
oldmolded into rods (8 mmin diameter and 60 mm in length), whi
h were sin-tered in a va
uum at temperatures about 2000 K. A
ru
ible-free indu
tive �oating zone melting was ap-plied to grow Tm1�xYbxB12 single 
rystals using thespe
ial unit Crystal-111 at the Institute for Problemsof Materials S
ien
e, National A
ademy of S
ien
es ofUkraine (Kiev).The main problem to be solved here was to grow sin-gle 
rystals without the pre
ipitation of foreign phaseswith the permanent Tm/Yb ratio kept both alongthe growing axis and in the lateral 
ross se
tion of
rystals. Taking di�eren
e in both the vapor pres-sure of Tm and Yb metals and their distribution 
o-e�
ients into a

ount, we optimized the gas pressure(highly pure Ar, P � 1:5 MPa), the 
rystallizationrate (0.2�1 mm/min), the speed of rotation of feed andgrowing rods (0�10 rpm), the starting displa
ement576
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2 mmFig. 2. General view of the lateral 
ross se
tionof the single 
rystal with the nominal 
ompositionTm0:75Yb0:25B12of the zone 
omposition from stoi
hiometry by boronpie
e introdu
tion, and so on for ea
h Tm1�xYbxB12
omposition. In the pro
ess of optimization of thegrowth te
hnology, Laue ba
k patterns were used forprimary analysis of the 
rystal stru
ture quality. Thete
hnology worked through in su
h a way in order toavoid the splitting of point re�e
tions in the Laue pat-tern that 
orresponds to the la
k of misorientation ofblo
ks in the limit of several tenths of degree (pro
edureresolution) (Fig. 1). As a result, single 
rystals of allnominal 
ompositions Tm1�xYbxB12 (0 � x � 0:81)were grown with diameters of 4�6 mm and a length ofabout 50 mm. These 
rystal rods 
onsisted of the single
rystal 
ore that was free of blo
k boundaries and wassurrounded by a super�ne poly
rystalline ring (Fig. 2).Ele
tron mi
ros
opy showed that se
ond phase in
lu-sions of the CaB6 or YB25 types sometimes appearedat the periphery of the ingot in the lateral 
ross se
tion.In these 
ases, the samples for the present study were
ut from the 
entral part of oriented polished plates(dis
s, h � 0:6�0.8 mm) and, as a result, these foreignin
lusions were 
ompletely removed from the experi-mental samples.The Tm/Yb ratio was estimated for allTm1�xYbxB12 single 
rystals using a s
anningele
tron mi
ros
ope equipped with a system of theenergy dispersion mi
roprobe (REM-106; the ele
tronprobe size is about 2 �m2). The measurementswere 
arried out at several points of the lateral 
rossse
tion (periphery r = 1, middle r = 1=2, and 
enterr = 0) on both sides of the single 
rystal rods tobe sure that the Tm/Yb ratio is invariant. In theseexperiments, the individual metals (Tm, Yb) andindividual binary borides (TmB12, YbB12) were usedas referen
e samples; it was shown that the results ofthis analysis for the same sample in the 
ase of both

Mi
roprobe analysisPolynomial fit0:2 0:4 0:6 0:8 1:0xnominal00:20:40:60:81:0xreal

TmB12 YbB12Fig. 3. Real Tm/Yb ratios versus nominal ones forTm1�xYbxB12 single 
rystalstypes of referen
e samples are identi
al. The a

ura
yof the mi
roanalysis was found to be about 1% whenthe element 
on
entration was more than 10% in the
ompound under investigation. The real 
ompositionof the single 
rystal di�ers from the sour
e nominalone (Fig. 3) due to the preferential evaporation of Ybfrom the melting zone. For example, the real 
om-position of the sample with the nominal 
ompositionTm0:75Yb0:25B12 is Tm0:77Yb0:23B12 and it is invari-able for all three points r = 0, 1/2, and 1 studied bymi
roanalysis. Additionally, a spe
tral opti
al analysiswas used to estimate the 
on
entration of impurities(the total 
on
entration of impurities, ex
ept the rareearth elements, did not ex
eed 10�3 wt.%; rare-earthimpurities were determined in the sour
e oxides).Finally, the latti
e parameters of dode
aborides wereestimated from X-ray di�ra
tion measurements in anHZG-4 di�ra
tometer on the 
rushed single 
rystalsin Cu K� radiation with a Ni �lter (Fig. 4). Itfollows from the data plotted in Fig. 4 that the latti
eparameters of Tm1�xYbxB12 do not obey Vegard'slaw.2.2. Experimental method for the Hall andtransverse even e�e
tsTo study the Hall and transverse even resistan
es,the original sample rotation te
hnique was applied witha stepwise �xing of the sample position in the steadymagneti
 �eld with the indu
tion B that was perpen-di
ular to the measuring dire
t 
urrent I k h110i (see in-set in Fig. 5, the normal ve
tor n k h001i). The methodis similar to the one applied previously (see, e. g., re-11 ÆÝÒÔ, âûï. 3 (9) 577
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Experiment
Polynomial fit

0 0.2 0.4 0.6 0.8 1.0
xreal
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Fig. 4. Latti
e parameters versus the real 
ompositionof Tm1�xYbxB12 single 
rystals
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Fig. 5. Temperature dependen
es of the resistivityfor Tm1�xYbxB12 
ompounds. The inset shows thes
heme of the Hall e�e
t measurements, n k h001iview [26℄); the installation used previously in [27℄ wasequipped with a step-motor with automated 
ontrol ofthe step-by-step sample rotation.In the method, the single 
rystalline sample lies inthe xy plane while B may be s
anned in the yz planeabout the x axis. The expression for the Hall �eld in anon
ubi
 metal is [26℄

EHall = Ix2 [�yx(B)� �xy(B)℄ 
os'++ Ix2 [�zx(B)� �xz(B)℄ sin' (1)or, with a less 
umbersome notation for the antisym-metri
 part of the resistivity tensor�aik(B) = R(1)ikpBp (i; k; p = fx; y; zg);it 
an be rewritten asEHall = R1IB 
os'+R2IB sin': (2)In the 
ase of a 
ubi
 metal, the equality R2 = 0 is validand relations (1) and (2) simplify to the 
osine-typedependen
e. Hen
e, the appearan
e of any anisotropytype in the Hall �eld 
an be veri�ed by the emergen
e ofthe se
ond term in the right-hand side of Eqs. (1) and(2); as a result, EHall(') be
omes e�e
tively phase-shifted along the ' axis by the angle '0 whose valuesatis�es the relation tg'0 = R1=R2.In the experiment with the sample rotation in amagneti
 �eld, simultaneously with the Hall �eld mea-surements, another 
omponent of the total ele
tri
 �eldin a metal is re
orded whi
h is well known as the trans-verse even (TE) e�e
t and whi
h lies in a dire
tiontransverse to the primary 
urrent. The TE e�e
t isan even fun
tion of B and it is di�erent from both thetransverse magnetoresistan
e and TE planar e�e
t [26℄.This even transverse �eld is given by Eq. (1) for thesymmetri
 part of the resistivity tensor�sik(B) = �(0)ik +R(2)ikpqBpBq (i; k; p; q = fx; y; zg)and 
an be rewritten as [26℄ETE = Ix2 [�yx(B) + �xy(B)℄ 
os'++ Ix2 [�zx(B) + �xz(B)℄ sin': (3)For an isotropi
 metal, wheneverB 
oin
ides with the zdire
tion, �zx(B) = �xz(B) = 0 (see [26℄) and Eq. (3)simpli�es 
onsiderably. Moreover, unless the 
ondu
-tivity is anisotropi
 in the xy plane, the �rst term in theright-hand side of Eq. (3), �yx(B)+�xy(B), is also zero.To summarize, for paramagneti
 Tm1�xYbxB12 
om-pounds with the f

 
rystal stru
ture, the only 
osine-type 
ontribution to the Hall resistivity �H in the mea-surements of the signal from the Hall probes shouldappear in the low-�eld limit !
� < 1.2.3. Estimation of the transversemagnetoresistan
e 
ontributionIn the study, spe
ial attention was paid to the sym-metri
 lo
ation of the Hall probes to minimize the 
on-578
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Fig. 6. Temperature dependen
es of the angular invari-able 
omponents in (i) the Hall resistan
e (
onstantbias rH0, open 
ir
les) and (ii) magnetoresistan
e (r0,solid line), respe
tively measured from the Hall and po-tential probes for the Tm0:28Yb0:72B12 sample. Theinset shows the s
heme of the 5-probe resistive mea-surements (I is the measuring 
urrent; l, U� and l0,UH are the distan
es and voltages between the poten-tial and Hall probes)
tribution from the negative magnetoresistan
e. We em-phasize that the transverse 
on�guration used here formeasurements of the Hall and transverse even e�e
ts(the axis of the sample rotation being parallel to the di-re
tion of the measuring 
urrent I and perpendi
ular toH; see the s
heme in the inset in Fig. 5) eliminates the
ontribution from the longitudinal magnetoresistan
eto the Hall signal [6; 27℄. At the same time, 
arefulalignment of the Hall probes mounted to the samplesstudied (see inset in Fig. 6) is very important in orderto minimize the transverse magnetoresistan
e 
ontri-bution to the Hall voltage. An example of a quanti-tative analysis of the magnitudes of these two trans-verse 
ontributions is presented in the next se
tion forthe Tm0:28Yb0:72B12 solid solution. It is shown belowthat the 
ontribution from the 
onventional transversemagnetoresistan
e to the signal measured from the Hallprobes does not ex
eed 6% of the real measured Hallresistan
e in Tm1�xYbxB12 in the magneti
 �eld upto 8 T.

3. RESULTS AND DISCUSSION3.1. ResistivityThe results of the resistivity measurements �(T )on the Tm1�xYbxB12 samples with various Yb 
on-tents are presented in Fig. 5. A

ording to the datain Fig. 5, the �(T ) dependen
e for antiferromagnetTmB12 (x = 0, TN = 3:2 K) exhibits a typi
al metal-li
 behavior with both a signi�
ant de
rease in theresistivity with a de
rease in the temperature and asmall enough residual value �0 � 4 �
 � 
m. Thulium-to-ytterbium substitution in Tm1�xYbxB12 solid so-lutions with x < x
 is a

ompanied by both theappearan
e of a pronoun
ed minimum of the resis-tivity at temperatures above 12 K and a strong in-
rease in the spin-�ip s
attering 
ontribution to �(T )with an in
rease in the Yb 
ontent. The evolution ofthe temperature dependen
es of the resistivity in thewide vi
inity of the QCP (Fig. 5) testi�es in favor ofthe metal�insulator transition in the Tm1�xYbxB12dode
aborides. Indeed, when x varies in the range0 � x � 0:81, the resistivity at liquid-helium tempera-tures in
reases by more than two orders of magnitude,and the in
rease 
annot be interpreted in terms of the
harge 
arriers' s
attering 
aused by the substitutiondisorder. On the other hand, we note that no a
tiva-tion behavior of �(T ) is observed throughout the 
on-
entration range x � 0:81.3.2. Hall resistivity 
ontributionsBelow, we use the Hall resistivity term (�H) onlyto simplify the presentation of the experimental resultsobtained in the Hall e�e
t geometry, in
luding both theHall and TE 
omponents of resistivity into �H . Themisuse of the term in this sense seems to have arisenbe
ause in the usual experimental arrangement, thetransverse even e�e
t appears between the ele
trodesnormally used to determine the Hall voltage. Althoughit is therefore super�
ially like the Hall e�e
t, the TEe�e
t is stri
tly part of the Ohmi
 �eld [26℄.The Hall resistivity angular dependen
es are shownin Figs. 7 and 8 as the typi
al examples obtained forTm0:46Yb0:54B12 at various temperatures in the mag-neti
 �eld �0H = 1:5 T and for Tm0:28Yb0:72B12 atliquid-helium temperature T0 = 2:1 K for several mag-neti
 �eld values in the range �0H � 8 T. We notethat ex
ept the antiferromagnet TmB12 (TN = 3:2 K),all the Tm1�xYbxB12 samples with the Yb 
ontent inthe range 0:1 < x � 0:81 investigated here are param-agnets at temperatures T > 1:9 K. The dode
aboridesare 
rystallized in the f

 stru
ture, and, a

ording to579 11*
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Fig. 7. Angular dependen
es of the Hall resistivity�H(') for Tm0:46Yb0:54B12 re
orded in the magneti
�eld �0H = 1:5 T at various temperatures in therange 2�35 K. For all �H(') 
urves, the de
omposi-tion into the odd and even harmoni
s is presented (seeEq. (1))Eq. (1), it is reasonable to expe
t a 
osine-type angulardependen
e of the Hall resistivity, �H(') � �H1 
os',when the sample is rotated in the magneti
 �eld (seethe inset in Fig. 5). Su
h a behavior of �H(') was ob-served in our experiments for the Tm1�xYbxB12 solidsolutions in the range 0:1 < x < 0:6 at temperaturesabove 30 K and in magneti
 �elds up to 2 T (see,e. g., Fig. 7a). Upon a de
rease in the temperaturein the range T < 30 K, a remarkable 
ontribution fromthe se
ond harmoni
 appears in the Hall signal (seeFigs. 7b�d and 8a�d).In this study, we des
ribe the angular dependen
eof the Hall resistivity �H('; T0; H0) of Tm1�xYbxB12solid solutions by the relation�H('; T0; H0) = �H0 + �H1 
os'++ �H2 
os(2'��'); (4)where �H0 is the 
onstant bias, �H1 is the Hall ef-fe
t 
ontribution, and the se
ond harmoni
 term �H2,whi
h is even in the magneti
 �eld, is taken into a
-
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8 TFig. 8. Angular dependen
es of the Hall resistivity�H(') for Tm0:28Yb0:72B12 re
orded at the liquid-helium temperature T = 2:1 K in magneti
 �elds�0H � 8 T. For all �H(') 
urves, the de
omposi-tion into the odd and even harmoni
s is presented (seeEq. (1))
ount with the phase shift �' with respe
t to the main
omponent of the Hall signal. It is worth noting herethat within experimental a

ura
y, we have not foundany phase shift along the ' axis through the angle'0 of the main �H1 
os' 
ontribution to the Hall ef-fe
t, 
on
luding opposite to appearan
e of any type ofanisotropy in the Hall �eld (see Eqs. (1) and (2)). It
an be seen in Figs. 7 and 8 that at liquid-helium tem-peratures for Tm1�xYbxB12 
ompounds with the Yb
on
entration x above the QCP x
 � 0:3, the ampli-tude �H2 of this even 
omponent in the Hall resistivitybe
omes 
omparable with or 
onsiderably ex
eeds theusual odd 
osine 
ontribution �H1(') in magneti
 �elds1 T < �0H < 3 T. The sign reversal of the odd 
ompo-nent is observed for x � 0:5 both when the temperaturede
reases in the range 4.2�1.9 K (
f. Figs. 7
 and 7d)and when the magneti
 �eld in
reases at T0 = 2:1 K(Figs. 8b and 8
). Moreover, be
ause of a small but �-nite phase shift�' 6= 0 between the main �H1 and even580
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ts in the vi
inity : : :�H2 
omponents, the positions of the extrema on theexperimental 
urves �H('; T0; H0) disagree with twodire
tions of the normal ve
tor n (see the inset in Fig. 5,' = 0 and ' = 180Æ).In su
h a situation, the 
onventional te
hnique typ-i
ally used for Hall e�e
t studies is not appropriate forthe separation and analysis of the Hall resistivity 
om-ponents. Indeed, the 
onventional te
hnique is basedon the measurement of the Hall signal at two values,' = 0 and ' = 180Æ, of the angle between n and Hve
tors, with the Hall resistivity estimated as the half-di�eren
e, [�H(' = 0) � �H(' = 180Æ)℄=2, whi
h re-sults in a loss of this even harmoni
 signal in the �nalprodu
t. Moreover, this evidently leads to an in
or-re
t evaluation of the Hall 
oe�
ient for Tm1�xYbxB12
ompounds with the Yb 
ontent x > x
 in the 
ase ofany small non
ollinearity of the n and H ve
tors (see,e. g., Figs. 7 and 8). Thus, the measurements of the�H('; T0; H0) angular dependen
es and their analysisin the framework based on relation (4) are of 
ru
ialimportan
e and are the only 
orre
t method to ana-lyze the Hall e�e
t 
ontributions in the Tm1�xYbxB12system with the quantum 
riti
al point x
 � 0:3 and ametal�insulator transition.At the same time, it is 
ru
ially important to es-timate and 
ompare the magnitudes of (i) the 
on-ventional transverse magnetoresistan
e 
ontribution tothe Hall e�e
t and (ii) the Hall resistan
e itself, bothmeasured in the same experiment with rotation of thesample in the transverse magneti
 �eld (see the in-sets in Figs. 5 and 6). Indeed, any misalignment ofthe Hall probes for the length l0 (see inset in Fig.6)
auses the appearan
e of the portion U�l0=l = f(')in the Hall signal UH('). To 
ompare these magni-tudes, we simultaneously measured both the resistan
er(') = U�(';H)=I between the potential probes andthe Hall resistan
e rH(') = UH(';H)=I (Fig. 9). Tak-ing both the 
onstant bias (r0 and rH0) and angulardependent 
omponents (r2, rH1, and rH2) in these re-sistan
es into a

ount (see �ts and relations in Fig. 9),it is possible to dete
t the ratio l0=l of the distan
esbetween the Hall and potential probes from the respe
-tive angular invariable 
omponents r0 and rH0 in r(')and rH('). Indeed, the 
onstant bias �H0 in the Hallresistivity �H('; T0; H0) (see Eq. (4)) is proportionalto the aforementioned small displa
ement of the Hallprobes at the distan
e l0 along the 
urrent dire
tion,�H0 � rH0 � l0, and hen
e the ratio rH0=r0 of the re-sistan
es is proportional to l0=l (see the inset in Fig. 6).A

ording to the data plotted in Fig. 6, the propor-tionality rH0=r0 = 
onst holds with a good a

ura
yin the entire temperature range 2�300 K; as a result,

a
b

0 90Æ 180Æ 270Æ 360Æ'0:4
0:840:5
41:0r; m


r H;m

Fig. 9. Angular dependen
es of (a) the magnetore-sistan
e r(') = r0 + r2('), r0 = 4:08 � 10�2,r2 = 3:64 � 10�4 and (b) the Hall resistan
erH(') = rH0 + rH1(') + rH2('), rH0 = 6:38 � 10�4,rH2 = 9:68 � 10�5 for Tm0:28Yb0:72B12 as re
orded atthe liquid-helium temperature T = 2:1 K in the mag-neti
 �eld �0H = 8 T. For all r(') and rH(') 
urves,the de
omposition into the odd and even harmoni
s ispresented and the amplitudes r0, r2 and rH0, rH1, rH2are dedu
ed (see Eq. (1)). The estimated 
ontributionto the Hall resistan
e from the transverse magnetoresis-tan
e is also shown in the lower panel (open 
ir
les)the ratio of the lengths is estimated as l0=l = 0:016.Then, in the analysis of the se
ond harmoni
 ampli-tudes, both in the transverse magnetoresistan
e r(')and in the Hall resistan
e rH(') (see the parametersr2 and rH2 in the 
aption to Fig. 9), it is evident fromthe ratio (r2=rH2)l0=l � 0:06 that the magnetoresis-tan
e 
omponent measured from the Hall probes doesnot ex
eed 6% of the even 
ontribution to the Hall sig-nal (see the 
urve and open 
ir
les in Fig. 9b). It isworth noting that this �upper limit� estimate was 
ar-ried out in the highest magneti
 �eld used in this study(�0H = 8 T) and for the Tm0:28Yb0:72B12 sample atlowest temperatures (near 2 K), where the transversemagnetoresistan
e e�e
t is one of the largest in thefamily of Tm1�xYbxB12 solid solutions with ytterbium
on
entration in the range 0:3 < x � 0:81. Hen
e, it581
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Fig. 10. Temperature dependen
es of the Hall 
oe�-
ient RH(T;H0) = �H1(H;T )=H for solid solutionsTm1�xYbxB12 with x = 0:31, 0:54, 0:72, and 0:81 inmagneti
 �elds �0H = 1:5, 7, and 8 T. The RH(T;H0)dependen
e for the TmB12 (x = 0) 
ompound in themagneti
 �eld �0H = 0:37 T is shown for 
omparisonis 
ertainly established here that the observed se
ondharmoni
 term is a real TE e�e
t and it is not an ex-perimental artefa
t 
aused by the magnetoresistan
e
ontribution.To study singular features of the Hall and transverseeven e�e
ts in Tm1�xYbxB12 in a wide vi
inity of theQCP and in the presen
e of the metal�insulator tran-sition, we examined the angular dependen
es �H(')in detail for 
ompounds with x � 0:31 � x
 (QCP),x � 0:54, 0.72, and 0.81 at temperatures in the range1.9�300 K and in magneti
 �elds up to 8 T. Fur-thermore, these main (odd) and even Hall resistivity
ontributions dete
ted in a

ordan
e with relation (4)were analyzed quantitatively. Examples of the anal-ysis of the �H(') 
urves are presented in Figs. 7b�dand 8a�d, where the de
omposition of the experimen-tal dependen
es into the main and even Hall resistiv-ity 
omponents are shown for liquid-helium tempera-tures and various magneti
 �elds below �0H = 8 T(see dashed and dotted lines in Figs. 7 and 8). A

ord-ing to Figs. 7 and 8, relation (4) a

urately des
ribesthe experimental data (solid lines in Figs. 7 and 8 are

a b0:720:540:310:310:540:72
x = 0:81

0:1 0:2 0:3 0:4 0:5 10 100 TIRT; K1=T; K�100:2
0:40:60:8
1:01:2

0:010:11
10x = 0:81�H2; �
� 
m �H2; �
� 
m

T � = 70 K
Fig. 11. Temperature dependen
es of the se
ond-harmoni
 
omponent �H2(H;T ) in the Hall resistiv-ity for (a) �0H = 1:5 T in the hyperboli
 plot (seeEq. (10)) and (b) �0H = 7 (�) and 8 (Æ) T in thelog�log s
alethe sums of these two 
omponents in �H(')) and al-lows both de�ning the amplitude values �H1(H;T ) and�H2(H;T ) for all 
ompounds investigated and estimat-ing the phase shift �'(T;H) between the 
omponentsin the signal from the Hall probes. Within the experi-mental a

ura
y, the phase shift serves as a 
onstant�'(T;H) � 15Æ, whereas the amplitudes �H1 and�H2 for Tm1�xYbxB12 
ompounds vary 
onsiderablywith the temperature and magneti
 �eld. The temper-ature dependen
es of the Hall 
oe�
ient RH(H0; T ) == �H1(H0; T )=H and the se
ond harmoni
 amplitude�H2(H0; T ) � �TE(H;T ) are shown in Figs. 10 and11. The magneti
 �eld dependen
es of the Hall 
oe�-
ient RH(T0; H) and the even 
omponent �H2(T0; H) �� �TE(H;T ) of the Hall resistivity obtained from themeasurements at liquid-helium temperatures (T0 = 2:1and 4.2 K) for di�erent ytterbium 
on
entrations arepresented in Figs. 12 and 13. For 
omparison, the re-sults of the Hall 
oe�
ient measurements for TmB12(x = 0) in the low magneti
 �eld �0H = 0:37 T arealso shown in Fig. 10.3.3. Analysis of the 
ontributions to the Hallresistivity3.3.1. Hall 
oe�
ientThe usual 
ontribution to the Hall e�e
t (odd inmagneti
 �eld) in
reases drasti
ally for Yb 
ontents582
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Fig. 12. Magneti
 �eld dependen
es of the Hall 
oe�-
ient RH(H) at liquid-helium temperatures T0 = 4:2 K(
losed symbols) and T0 = 2:1 K (open symbols) forTm1�xYbxB12 
ompounds with x = 0:31, 0:54, 0:72,and 0:81above the quantum 
riti
al point (x � x
 � 0:3) with ade
rease in the temperature in the range 30�300 K. Be-low 30 K, the amplitude of the negative Hall 
oe�
ientis strongly depressed and the sign reversal of RH(T ) isobserved at liquid-helium temperatures in the low mag-neti
 �eld �0H � 2 T for samples with the Yb 
ontentsx > x
 (Figs. 10 and 12). As a result, the Hall 
oe�-
ient of the Tm1�xYbxB12 system with x � x
 revealsa large-amplitude negative maximum at intermediatetemperatures 10�50 K and, as x in
reases, the metal�insulator transition is a

ompanied by a shift of theremarkable feature of RH(T ) downwards on the tem-perature s
ale together with a simultaneous in
rease inits amplitude.A similar behavior of the opposite (positive) signHall 
oe�
ient with a maximum RH(T ) at Tmax andsign reversal at low temperatures was observed earlierfor dense Ce- and U-based metalli
 heavy-fermion sys-tems CeAl3 [28℄, CeCu6 [29℄, CePd3 [30℄, UAl2 [31℄,and UPt3 [32℄ and for the so-
alled Kondo insulator

x = 0:810:720:54
0:31

1 2 4 80:0010:01
0:11
10

�0H; T

�H2; �
 � 
m

Fig. 13. Magneti
 �eld dependen
es of the se
ond-harmoni
 
omponent �H2(H;T ) in the Hall resis-tivity at liquid-helium temperatures T0 = 4:2 K(
losed symbols) and T0 = 2:1 K (open symbols) forTm1�xYbxB12 
ompounds with x = 0:31, 0:54, 0:72,and 0:81CeNiSn [33℄. The e�e
t was attributed to the appear-an
e of a many-body resonan
e at the Fermi energy EFin the ele
tron density of states and to a 
rossover to the
oherent regime of the magneti
 s
attering of 
harge
arriers in these strongly 
orrelated ele
tron systems.Moreover, using detailed Hall e�e
t measurements ofthe ar
hetypal heavy fermion 
ompounds CeAl2 [27℄,CeAl3 [6, 34℄, CeCu6 [6℄, and CeB6 [35℄, a 
ompli
ateda
tivation-type dependen
e of the Hall 
oe�
ient,RH(T ) / exp(Ea1;2=kBT ); (5)was 
ertainly established in the temperature rangeT > Tmax. It was noted previously [6; 27; 34; 35℄that the a
tivation-type behavior of RH(T ) observedin these Ce-based metals is extremely unusual and 
an-not be explained in the framework of the Kondo lat-ti
e model or the model of skew s
attering of 
harge
arriers [36; 37℄. In these models, the spin-�ip reso-nant s
attering of 
ondu
tion ele
trons on the lo
alizedmagneti
 moments of rare earth ions is regarded as a583
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h et al. ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012dominant fa
tor determining the 
harge transport. Inthe approa
h developed in [36; 37℄, both the anomalousHall e�e
t and the nonmonotoni
 behavior of resistiv-ity in heavy-fermion 
ompounds should be ex
lusivelyattributed to the spe
i�
 
hara
ter of the s
attering ef-fe
ts. At the same time, the spin-polaron approa
h,whi
h is an alternative to the skew s
attering model,treats the parameters Ea1;2 found for heavy-fermionCe-based 
ompounds as the binding energies of dif-ferent type many-body states formed near Ce 4f 
en-ters [6; 27; 34; 35℄.In the 
ase of the Yb-based 
ompounds under inves-tigation, we re
all that (i) Yb is a hole-type analogue ofCe and U in these strongly 
orrelated ele
tron systemsand (ii) the metal�insulator transition o

urs in theTm1�xYbxB12 solid solutions. Therefore, the negativeRH(T ) extremum (see Fig. 10) should also be analyzedabove the maximum at Tmax in terms of Eq. (5). A
-
ording to the a
tivation plot in Fig. 14a, RH(T ) 
urvesfor Tm1�xYbxB12 solid solutions with x � 0:5 
an bewell approximated by a
tivation law (5) in the tempera-ture intervals (I) 120�300K and (II) 50�120K. Further-more, the energy gap Eg � 200 K � 17:8 meV 
an bedetermined in range I. The value Eg � 17:8 meV esti-mated for x = 0:54, 0.72, and 0.81 (Fig. 14a) appears tobe 
lose to the gap found for the narrow-gap semi
on-du
tor YbB12 from the measurements of the Hall e�e
tand resistivity (Eg=kB � 180 and 134 K [13℄), NMR onthe Yb ions [14℄ and spe
i�
 heat (Eg=kB � 170K [15℄).It is also 
omparable to the spin gap value approxi-mately 12 meV found in the inelasti
 neutron s
atter-ing [38; 39℄ and ESR [40℄ experiments.Additionally, the a
tivation-type dependen
e of theSeebe
k 
oe�
ient in the intrinsi
 
ondu
tivity regime,S = kBe b� 1b+ 1 Eg2kgT ; (6)where b = �n=�p is the ele
tron-to-hole mobilities ra-tio and e is the ele
tron 
harge, allows dedu
ing theratio �n=�p � 7:7 from the 
omparison of the slopes ofthe S / 1=T [10℄ and ln jRH j / 1=T dependen
es forTm1�xYbxB12 solid solutions with x � 0:5 (Fig. 14a).We emphasize that the ratio b = �n=�p � 50 waspreviously obtained for another ar
hetypal narrow-gap semi
ondu
tor, the intermediate valen
e 
ompoundSmB6 [41℄. The large b values in the regime of fast
harge �u
tuations were shown to be due to the lowmobility �p of the heavy holes on the rare-earth ions
ompared to �n for 
ondu
tion ele
trons in the 5d band.In the spin-polaron approa
h, the parameters Eg �� 2Ea1 and Ea � Ea2 in Eq. (5) obtained forTm1�xYbxB12 with x � 0:5 
an be treated as the

binding energies of short-radius many-body states thatare formed near Yb 4f 
enters in the matrix ofthese Yb-based dode
aborides. It is also worth not-ing that in the regime of 
harge transport via in-gapstates (range II in Fig. 14a), the a
tivation energyvalues Ea of the Hall (Fig. 14a) and Seebe
k 
oe�-
ients 
oin
ide with ea
h other (see also [10℄). In thespin-polaroni
 approa
h, the width of the quasielas-ti
 peak �0(T > 100 K)=2 � 12:5 meV obtainedfrom the neutron s
attering experiments in YbB12 andYb1�xLuxB12 solid solutions [16; 42℄ 
an be used in thesimple relation�0(T > 100 K)=2 = ~=�eff (T ) (7)in order to evaluate the relaxation time �eff (T �� 100 K) � 1:1 � 10�13 s and, further on, to estimatethe e�e
tive mass m� of the heavy fermions from theHall mobility �H(T ) = RH(T )=�(T ) [6; 27; 34; 35℄:m�(T ) = e�eff (T )=�H(T ): (8)The temperature dependen
es of the Hall mobilityfor Tm1�xYbxB12 solid solutions dedu
ed from thedata in Figs. 5 and 10 are shown in Fig. 15. The
al
ulated e�e
tive mass m�(T � 100 K) � 24m0for these Yb-based 
ompounds is 
onsistent with thevalues determined previously for the e�e
tive massof the spin-polaron and ex
iton�polaron many-bodystates in the strongly 
orrelated ele
tron systems:m� � (20�90)m0 for FeSi [43℄, m� � (20�40)m0for SmB6 [41℄, m�1;2 � (55�90)m0 for CeAl2 [27℄,m�1;2 � (45�90)m0 for CeAl3 [34℄, m�1;2 � (130�150)m0for CeCu6 [6℄, and m� � 400m0 for CeB6 [35℄; it isalso 
omparable with the estimate m� � (12�34)m0obtained for YbB12 from opti
al measurements [44; 45℄in the temperature range 20�200 K.It is worth noting here that the most importantme
hanism that determines the mobility of 
harge 
ar-riers in the Tm1�xYbxB12 system is the s
attering byon-site 4f�5d spin �u
tuations. As a result, the 
ar-rier relaxation rates dedu
ed from various experimentson YbB12 
rystals [16; 42; 44; 45℄ and Lu1�xYbxB12substitutional solid solutions [16; 42℄ at temperaturesabove 100 K are very 
lose to ea
h other. More-over, the Hall mobilities obtained in the tempera-ture range 100�200 K for Tm1�xYbxB12 single 
rys-tals with x > 0:5 in the presen
e of strong substitu-tional disorder (see Fig. 15) and for high-quality YbB12samples (see [44; 45℄) are roughly equal to ea
h other(6�10 
m2/V�s) and have very similar temperature de-penden
es. Hen
e, the estimate of the e�e
tive massesof heavy quasiparti
les in Tm1�xYbxB12 using Eqs. (7)584
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tivation-type dependen
es of the redu
ed 
on
entration � = (RHeN4f )�1 of 
harge 
arriers for Tm1�xYbxB12
ompounds with x = 0:31, 0:54, 0:72, and 0:81 in the di�erent temperature ranges I�III
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10 100 T; KFig. 15. Temperature dependen
es of the Hall mobility�H(T ) = RH(T )=�(T ) in the series of Tm1�xYbxB12
ompounds

and (8) and the neutron s
attering results obtainedin [16; 42℄ for Lu1�xYbxB12 system is quite reasonable.With the known parameters Ea and Eg (Fig. 14a) ande�e
tive masses m�I,II, using the relationap1;2 = ~=q2Eg;am�I,II; (9)we 
an also estimate the lo
alization radius of themany-body states. For these heavy fermions inthe Tm1�xYbxB12 matrix in temperature intervals I(120�300 K) and II (50�120 K), this gives the respe
-tive values 5 and 9Å. The same size about 5Å of ma-ny-body ex
iton�polaron states was obtained in [44℄from far-infrared quasiopti
al measurements of YbB12.We note that in temperature range I of gap formation,the spatial extension of the 
omplexes ap1 � 5Å is ap-proximately equal to the shortest distan
e (near 5.3Å)between the R3+ rare-earth ions in the RB12 latti
e;therefore, the many-body states are lo
alized in theunit 
ell near rare-earth sites. As the temperature de-
reases in range II and approa
hes the 
oherent regime,the lo
alization radius ap2 � 9Å starts to ex
eed thelatti
e 
onstant (a � 7:5Å) and, moreover, the ap2value in
reases simultaneously with the Yb 
on
entra-tion x when Ea varies in the interval 58�75 K (see585
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hanko, A. N. Azarevi
h, A. V. Boga
h et al. ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012Fig. 14a and Eq. (9)). In this respe
t, it is naturalto assume that a signi�
ant in
rease in the lo
alizationradius 
auses the formation of a �lamentary stru
tureof manybody states, resulting in a transition to the 
o-herent state, whi
h is displayed in the abrupt de
reasein the Hall (see Fig. 10) and Seebe
k [10℄ 
oe�
ientsin Tm1�xYbxB12 solid solutions with strong ele
tron
orrelations.Another novel experimental result of this study wasobtained at temperatures below the negative maximumof the Hall 
oe�
ient (range III, T < Tmax, Figs. 14band 15) in Tm1�xYbxB12 with x > x
, where the tem-perature dependen
e of RH has the formRH(T ) / exp(�T0=T ) (10)with the estimated values T0 � 3:5�7 K (Fig. 14b). Asimilar behavior of RH(T ) was previously observed forheavy-fermion 
ompounds CeAl2 [27℄ and CeAl3 [34℄and was interpreted in terms of the dependen
e pre-di
ted in [46℄ for the Hall 
oe�
ient in a system withBerry phase e�e
ts, where the 
arrier moves by hop-ping in a topologi
ally nontrivial spin ba
kground. A
-
ording to [46; 47℄, the Hall e�e
t is modi�ed in su
ha situation be
ause of the appearan
e of the internalmagneti
 �eld Hint = hhzi � (1=kBT ) exp(�T0=T ),whi
h is added to the external �eld H .When indu
ing the polarization of both the lo
al-ized magneti
 moments of rare earth ions and the spinsof 
ondu
tion ele
trons, the external magneti
 �eldsuppresses the 
oheren
e in the spin-�ip s
attering inthe periodi
 system of rare earth 
enters. As a re-sult, the sign reversal of RH(H;T0) is observed in themagneti
 �eld at liquid-helium temperatures (see the
urves in Fig. 12 for Tm1�xYbxB12 with x = 0:54,0.72, and 0.81 at T0 = 2:1 K). Moreover, the Hall 
o-e�
ient RH(T ) appears to be nearly temperature in-dependent in strong magneti
 �elds (see Fig. 10). Wenote that the Hall 
oe�
ient behavior in the magneti
�eld in Tm1�xYbxB12 is quite di�erent from that re-ported previously for ar
hetypal Ce- and U-based heavyfermion systems [6; 27�34℄ and observed in HoB12 [48℄.Indeed, in the abovementioned 
ompounds, the depres-sion of the Hall e�e
t amplitude is usually observed inhigh magneti
 �elds. Moreover, the RH(H) de
reaseis mu
h more pronoun
ed at temperatures below theHall 
oe�
ient maximum in the interval T < Tmax.The opposite trend of the Hall e�e
t enhan
ement inthe magneti
 �eld established here (see Fig. 10 forTm1�xYbxB12 
ompounds under investigation) is sim-ilar to the e�e
t observed re
ently for rare-earth hexa-borides Ce1�xLaxB6 [49℄, PrB6 and NdB6 [50; 51℄, and

it was attributed to the magnetization of spin-polaronmany-body states by the external magneti
 �eld.To 
on
lude this se
tion, we roughly estimate thelo
alization radius of the many-body states in anotherway, from the results in Fig. 14b. The de
rease in theredu
ed 
on
entration of 
harge 
arriers per rare-earthion � = (RHeN4f )�1 (where N4f = 0:96 � 1022 
m�3is the 
on
entration of rare-earth ions in RB12, R�Tm,and Yb) in the interval 0:08 < � � 0:8 
an be treatedas an in
rease in the e�e
tive volume per 
ondu
tionele
tron, whi
h we attribute to the formation of many-body states in Tm1�xYbxB12. Taking the R3+�R3+distan
e (about 5.3Å) in the f

 
rystal stru
ture ofthe dode
aboride 
ompounds under investigation intoa

ount, we obtain the 
rude estimate ap2 = 6�12Åfor temperatures near the negative RH(T ) maximumfor the solid solutions with the Yb 
ontent in the rangex � x
. It is worth noting that the dedu
ed ap2 valuesagree very well with the aforementioned results basedon Eq. (9).3.3.2. Se
ond harmoni
 
ontribution to theHall resistivity (TE e�e
t)When analyzing the even Hall resistivity 
ompo-nent, it is worth noting that the dis
ussion of quadrati

ontributions to the Hall e�e
t 
an be found in earlyarti
les by Kohler (1934) and by Shoenberg (1935)(see [52℄ and the referen
es therein). The TE e�e
twas previously observed in studies of gallium [53℄ andn-type germanium [54℄. Numerous examples of experi-mental observation of the transverse even e�e
t are at-tributed to the 
ase of indu
ed anisotropy in a normallyisotropi
 
ondu
tor, and their theoreti
al justi�
ationwas given in [26℄. Among them, well-known examplesof the TE e�e
t are provided by (i) mono- and poly-
rystalline ferromagnets, where the indu
ed anisotropyis made evident through saturation, and (ii) the non-magneti
 
ubi
 metals having an indu
ed anisotropi

ondu
tivity in the high-�eld 
ondition be
ause of theoperation of open orbits [26℄. On the other hand, forthe normal state of high-T
 super
ondu
tors (HTSCs),in addition to the 
rystalline anisotropy, the origin ofthe transverse even e�e
t is usually attributed to theappearan
e of stripes on the surfa
e and in HTSC lay-ers [55℄.When analyzing the se
ond-harmoni
 
omponent in�H � the TE e�e
t in the Tm1�xYbxB12 system �it is worth noting that the 
ontribution of this kindhas been found earlier in the strongly 
orrelated an-tiferromagnets CeAl2[27℄, CeB6 [35; 56; 57℄, PrB6 [50℄,NdB6 [50; 51℄, and ErB12 [18℄ both in the paramag-586
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ts in the vi
inity : : :neti
 and magneti
ally ordered phases. An even har-moni
 �H / 
os 2' in the angular dependen
es of theHall signal was also observed in the narrow-gap semi-
ondu
tor FeSi [43; 58℄ in a wide range of temperaturesnear the mi
tomagneti
 (spin-glass) phase transition.A detailed study of the se
ond-harmoni
 term was per-formed re
ently for CeCu6�xAux solid solutions [6; 59℄,where the Hall and TE e�e
t anomalies were investi-gated in the vi
inity of the AF quantum 
riti
al pointx
 � 0:1. It was 
ertainly established that the develop-ment of the antiferromagneti
 instability in these model
ompounds is a

ompanied by both a remarkable in-
rease in the low-temperature Hall 
oe�
ient RH(x)at x � x
 and the appearan
e of the even-harmoni

ontribution �H2(x; T;H) whose amplitude is maximalat the QCP [6℄. Moreover, for the series of 
ompoundsCeCu6�xAux in the 
on
entration range 0 � x � 0:15,the temperature dependen
es �H2(T ) near the QCP areapproximated with a high a

ura
y by a hyperboli
 de-penden
e of the form�H2(T ) � C�(1=T � 1=T �): (11)The hyperboli
 divergen
e of the Hall resistivity 
om-ponent �H2(T ) was established to be the singular fea-ture of the regime of quantum 
riti
al behavior, to-gether with other anomalies in
luding the logarithmi
divergen
e of the ele
tron term in the heat 
apa
ityC(T )=T / lnT , non-Fermi-liquid behavior of the resis-tivity �(T ) / T , power-law asymptoti
 behavior of themagneti
 sus
eptibility �(T ) / T��, and so on [60�70℄,whi
h are asso
iated with the divergen
e of the e�e
-tive mass of many-body states (heavy fermions) nearthe QCP.The se
ond-harmoni
 
ontribution to the Hall sig-nal �H of Tm1�xYbxB12 solid solutions dete
ted in thisstudy (see Fig. 11a) was analyzed in magneti
 �elds be-low 2 T in terms of Eq. (11). It was found that the�H2(T ) evidently follows the hyperboli
 dependen
egiven by Eq. (11) with the 
hara
teristi
 temperatureT � � 70K, whi
h is 
ommon for any Yb 
ontents in therange x � x
. The slope C�(x) of the hyperboli
 de-penden
e in
reases dramati
ally (by more than an or-der of magnitude) when the metal�insulator transitiono

urs in the series of Tm1�xYbxB12 
ompounds, andthe tenden
y to saturation of the �H2(1=T ) 
urve is ob-served at temperatures below 10 K only for the highestYb 
omposition (Fig. 11a). Additionally, the ampli-tude �H2(T0; H) of this transverse even e�e
t at liquid-helium temperatures in
reases by more than two ordersof magnitude in external magneti
 �elds up to 8 T (seeFig. 13). The log�log plot of the Hall resistivity tem-perature dependen
e �H2(T;H0) is shown in Fig. 11b

R B12 B24a b

 d

RB
Fig. 16. (a) Crystal stru
ture of Tm1�xYbxB12 
om-pounds. The NaCl-type unit 
ell is built from R3+ ionsand B12 
uboo
tahedrons. (b) The �rst 
oordinationsphere of R3+ is arranged as a trun
ated o
tahedronB24. The arrangement of R and B atoms along the di-re
tion h110i and in the (110) se
tion is presented in (
)and (d), respe
tively. For 
larity, B12 and B24 
lustersare shown in (
) only along the upper fa
e diagonal ofthe latti
e. The latti
e defe
t (boron va
an
y) is shown(small open 
ir
le) in the (110) se
tion (d). The brokenR�B bonds in the vi
inity of the boron va
an
y 
ausedispla
ements of the nearest R3+ ions away from thedefe
t on 0:4Å distan
e along h100i [25℄. As a result ofrandom displa
ements of the R3+ ions, the R3+ dimersand other small-size rare earth 
lusters (shown in view(d) for 
onvenien
e) appear in the RB12 matrixfor the highest magneti
 �elds �0H0 = 7�8 T used inthe study. In the high magneti
 �elds, the se
ond-harmoni
 
ontribution appears at TIR � 130�150 K,in
reases drasti
ally with a de
rease in the tempera-ture, and saturates at liquid-helium temperatures forall the Yb 
on
entrations x � x
 (Fig. 11b).At the end of this se
tion, we summarize both asigni�
ant di�eren
e and similarities in the behavior ofthe se
ond-harmoni
 
ontribution near the AF QCPin the heavy-fermion systems with metal 
ondu
tiv-ity and in 
ompounds with the metal�insulator tran-sition. In the heavy-fermion metals CeCu6�xAux, theTE anomalous 
ontribution is observed in a narrow re-gion 
lose to the AF QCP [6℄, whereas in the se
ond-type systems with the metal�insulator transition, the�H2(H;T ) � �TE(T0; H) 
omponent appears near theQCP at x = x
 � 0:3 and its amplitude in
reasesdramati
ally with x when the metal�insulator transi-tion o

urs (see Figs. 11 and 13). At the same time,587
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hanko, A. N. Azarevi
h, A. V. Boga
h et al. ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012in both the metalli
 and diele
tri
 systems with theAF QCP, the 
hara
teristi
 temperature T � in hyper-boli
 relation (11) is positive (see Fig. 11a and [6℄)and, in our opinion, T � values 
an probably be asso
i-ated with the appearan
e of stru
tural distortions anddisordering in these 
ompounds. Indeed, the order�disorder phase transition at T � � 60�70 K was foundvery re
ently in the referen
e nonmagneti
 dode
a-boride 
ompound LuB12 [24℄. Moreover, a 
ompre-hensive study of the heat 
apa
ity and Raman s
atter-ing spe
tra in the LuNB12 
rystals with various boronisotope 
on
entrations (N = 10, 11, and natural) al-lowed the authors of Ref. [25℄ to 
on
lude in favor ofthe 
age-glass type phase transition at T � in the fam-ily of rare-earth dode
aborides RB12. In addition, itwas shown in [25℄ that the 
ombination of the looselybound state of the rare-earth ions in the rigid boronsublatti
e of RB12 
ompounds (see also Fig. 16a�
) to-gether with the randomly arranged boron va
an
iesprovokes the development of vibrational instability atintermediate temperatures and the Io�e�Regel limit isrea
hed in the RB12 family at TIR � 130�150 K. Asa result, the anomalies at 150 K in both the �SRspe
tra [71; 72℄ and high-resolution photoemission spe
-tros
opy [73℄ data together with the Hall mobilityfeatures at TIR � 130�150 K (see Fig. 15) may beattributed to the 
rossover from the phonon-assistedregime to the regime of quasilo
al vibrations in thes
attering of 
harge 
arriers.We emphasize that when 
omparing the metalli
and diele
tri
 systems with the antiferromagneti
 QCP,similarly to the stru
tural 
hanges in Tm1�xYbxB12 atT �, the transition from the orthorhombi
 to mono
lini
stru
ture in the QCP solid solution CeCu5:9Au0:1 wasevidently established at TS � 70 K [74; 75℄, and it wasshown that the transformation is a

ompanied by slightdistortions of the bond angles. Be
ause the quantum
riti
al regime is suppressed by the external magneti
�eld, a natural explanation for the magneti
 �eld de-penden
es �H2(H) may be found. Indeed, in systemsof both types, a sharp in
rease in �H2(H) in the range�0H � 3 T is a

ompanied by the destru
tion of thehyperboli
 temperature dependen
e (Eq. (11)) and, asa result, the quantum 
riti
al regime falls down andthe tenden
y to the saturation of �H2(H) is observedin magneti
 �elds above 5 T.3.3.3. Quantum 
riti
al point and themetal�insulator transitionWhen dis
ussing the renormalization e�e
ts in thedensity of states at the metal�insulator transition in

the series of Tm1�xYbxB12 
ompounds, it is interest-ing to begin with the properties of the TmB12 metal.An almost temperature-independent behavior of theHall 
oe�
ient was dete
ted for this 
ompound in mag-neti
 �elds up to 8 T (see, e. g., the 
urve for �0H == 0:37 T in Fig. 10). The value RH(T ) � 
onst �� �3:25 � 10�4 
m3/C in the approximation of onegroup of 
harge 
arriers is roughly equal to the re-du
ed 
arrier 
on
entration per rare-earth ion � == (RHeN4f )�1 � 2. Hen
e, TmB12 appears to nearly
orrespond to the 
ase of a two-ele
tron metal. Abovethe Néel temperature TN � 3:2 K, the resistivity ofTmB12 exhibits a minimum at 11 K and a maximumat 6.5 K [76℄. Moreover, a remarkable negative mag-netoresistan
e [76℄ and positive 
ontribution to theSeebe
k 
oe�
ient [18℄ at temperatures below 40 Kwere found. The authors of [18; 76℄ 
on
luded in favorof strong lo
al 4f�5d spin �u
tuations and the spin-polaron approa
h was applied to explain the propertiesof this rare earth dode
aboride.The Tm-to-Yb substitution in the range x � x
 �� 0:3 is a

ompanied by the development of the AFinstability in the Tm1�xYbxB12 family, resulting ina gradual TN de
rease (Fig. 17a, where the range0 � x � 1 
orresponds to the �lling of the 4f shell inthe interval 12 � n4f � 13 in the Tm1�xYbxB12 solidsolutions, and n4f = 10, 11, and 14 respe
tively 
orre-spond to HoB12, ErB12, and LuB12). The extrapola-tion of the TN(x) dependen
e to the value TN = 0 givesx
 � 0:3 in the series of Tm1�xYbxB12 solid solutions(QCP in Fig. 17a). The quantum 
riti
al behavior wasprobably observed in Tm0:74Yb0:26B12 for the magneti

ontribution to the spe
i�
 heat with a logarithmi
 di-vergen
e of the form C=T / lnT at T < 4 K [77℄.At the same time, the 
ompli
ated a
tivation-type be-havior of the Seebe
k 
oe�
ient S(T ) (see Eq. (6))was found in [10℄ at intermediate temperatures (inter-vals I and II) for all Tm1�xYbxB12 
ompounds withx � 0:05. Moreover, for AF 
ompounds with the Yb
ontent 0:05 � x < x
 � 0:3, both the gap formation inrange I (120�300 K) and the 
harge transport regimethrough the many-body intra-gap states with the bind-ing energy Ea (interval II, 50�120 K) are dete
ted onthe S(T ) dependen
es simultaneously with the weaklo
alization features of the resistivity (see Fig. 5) and amoderate in
rease in the Hall 
oe�
ient (Figs. 10 and14a). In the paramagneti
 state just above the QCPx
 � 0:3, the in
rease in the Yb 
on
entration indu
esa remarkable in
rease in the Hall 
oe�
ient RH(x) to-gether with the appearan
e and a drasti
 in
rease in these
ond-harmoni
 
omponent �H2(x) (the TE e�e
t) inthe Hall resistivity (Fig. 17b). Furthermore, in view of588
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Fig. 17. (a) The de Gennes fa
tor G = (gJ � 1)2 �� J(J + 1), the Hall mobility �H(n4f ) at liquid-helium temperature (the data for HoB12 (n4f = 10),ErB12 (n4f = 11), and LuB12 (n4f = 14) are takenfrom [18; 56℄ and the data for YbB12 (n4f � 13:05) aretaken from [44; 45℄) and the Néel temperature TN (n4f )versus the �lling of the 4f shell of the rare-earth ions inthe RB12 
ompounds; AF and P denote the antiferro-magneti
 and paramagneti
 phases; M, I, and SC meanthe metal, insulator, and super
ondu
tor, and QCP isthe quantum 
riti
al point. (b) The Hall 
oe�
ientRH(n4f ) and even-harmoni
 
ontribution �H2(n4f ) for�0H = 1:5 and 8 T. The inset shows the renormal-ization e�e
t in the density of states in the series ofTm1�xYbxB12 
ompoundsthe a
tivation-type behavior of RH(T ) for x > 0:5, thegap value Eg � 17:8 meV and the width Ea=kB � 58�75 K of the intra-gap many-body resonan
e on EF(see the inset in Fig. 17b) 
an be obtained from thetemperature dependen
e of the redu
ed 
arrier 
on
en-tration (see Fig. 14a), and, �nally, the e�e
tive massm�(T � 100 K) � 24m0 and lo
alization radii of thesemany-body states a�p1 � 5Å (range I, 120�300 K) anda�p2 � 9Å(range II, 50�120 K) are estimated. Sin
ethe spatial extension of the 
omplexes a�p1 � 5Å isroughly equal to the shortest distan
e (5.3Å) betweenthe R3+ ions in the RB12 latti
e, this provides strongeviden
e in favor of the 
on
lusion made in [25℄ 
on
ern-ing the formation of R3+�R3+ dimers and the appear-

an
e of short range rare-earth-based vibration 
lustersin the matrix of the dode
aboride 
ompounds. Fig-ures 16 illustrate the me
hanism of an emergen
e inthe RB12 matrix of the nanosize 
lusters arranged fromthe R3+ ions in the presen
e of randomly distributedboron va
an
ies. A similar 
on
lusion was made in [78℄,where the existen
e of Yb�Yb pairs was dedu
ed fromthe results of ele
tron spin resonan
e experiments inthe narrow-gap semi
ondu
tor YbB12. Moreover, thedipole�dipole splitting of the resonan
e lines permit-ted the estimate rp2 = 9:1Å [78℄ for the distan
e be-tween the intera
ting ytterbium pairs in YbB12, whi
his roughly equal to the ap2 value obtained above forTm1�xYbxB12 
ompounds.Taking into a

ount that the lo
alization radius ofthe intra-gap states a�p2 � 8�9Å in range II ex
eedsthe latti
e 
onstant (a � 7:5Å) and the size in
reaseswith the Yb 
on
entration x in the Tm1�xYbxB12 se-ries, the 
oherent regime of 
harge transport may beattributed to the per
olation through the network ofmany-body states in the RB12 matrix. From this stand-point, a quite natural interpretation may be suggestedto explain the origin of the unusual dependen
e givenby Eq. (10) for the Hall 
oe�
ient behavior in the 
o-herent state. Indeed, at helium temperatures and forx � 0:5 on the metalli
 side of the per
olation limit(
oherent regime), the magneti
 system of the intra-gap many-body states, whi
h is a �lamentary stru
turearranged on the small magneti
 
lusters of rare-earthions, should be regarded as a system with a topolog-i
ally nontrivial 
on�guration of the 
ore spins. As aresult, the appearan
e of the Berry phase e�e
t pro-du
es the internal magneti
 �eldHint = hhzi � 1kBT exp��T0T �and the Hall 
oe�
ient is modi�ed in agreement withthe predi
tion made in [46; 47℄. It is also worth not-ing that simultaneously with a drasti
 de
rease in theHall 
oe�
ient, whi
h is a

ompanied by the sign re-versal of RH(T ) observed at low temperatures in the
oherent regime (interval III), a nearly linear temper-ature dependen
e of the Seebe
k 
oe�
ient was estab-lished for Tm1�xYbxB12 solid solutions at tempera-tures T < 30 K [10℄. A variation of the slope of theMott-type di�usive thermopower S(T ) in the metalli

oherent state allowed the authors of Ref. [10℄ to es-timate the order of magnitude of the renormalizatione�e
t in the density of states near the Fermi energyEF when the many-body resonan
e appears with anin
rease in x in the series of Tm1�xYbxB12 solid solu-tions (see also the inset in Fig. 17b).589
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hanko, A. N. Azarevi
h, A. V. Boga
h et al. ÆÝÒÔ, òîì 142, âûï. 3 (9), 2012We emphasize that the lo
al on-site 4f�5d spin �u
-tuations play the dominant role in the 
harge trans-port in Tm1�xYbxB12 dode
aborides. Indeed, whenn4f in
reases from HoB12 to LuB12 in the range10 � n4f � 14, we should expe
t a monotoni
 in-
rease in �H(n4f ), whi
h follows from a de
rease in thede Gennes fa
tor (gJ � 1)2J(J + 1) 
hara
terizing themagneti
 s
attering intensity in the RB12 series. In-stead, below the QCP in the range 10 � n4f � 12:3, ade
rease in �H(n4f ) is observed (Fig. 17a), and the mo-bility minimum near x = 0:3�0.5 in Tm1�xYbxB12 
or-responds to the antiferromagneti
�paramagneti
 tran-sition with the QCP near x
 � 0:3. Furthermore,the substitution of Yb for Tm in the range x � 0:5(n4f � 12:5 in Fig. 17a) leads to an in
rease in �H(x),while a monotoni
 and sharp in
rease in the resistivity�(x) (Fig. 5) and the Hall 
oe�
ient RH(x) (Fig. 17b)at low temperatures is observed in the range 0 < x < 1(the values of �(T ) and RH(T ) in semi
ondu
tor YbB12rea
h 10 
 � 
m and 88 
m3/C [13; 79; 80℄). The me-tal�insulator transition is a

ompanied by rather lowmobility values �H(T ) � 27 
m2/V�s in YbB12, whi
hare obviously 
aused by the s
attering of 
arriers onstrong spin and 
harge 4f�5d �u
tuations. Then,in passing to the nonmagneti
 super
ondu
ting metalLuB12 (n4f = 14), the Hall mobility in
reases dras-ti
ally (� 100 times) to �H � 2600 
m2/V�s (seeFig. 17a).When 
omparing the metalli
 heavy-fermion 
om-pounds with quantum 
riti
al behavior, on the onehand, and Tm1�xYbxB12 solid solutions having the AFQCP and metal�insulator transition, on the other, it isworth mentioning the inelasti
 neutron s
attering re-sults obtained in [64; 81℄ for CeCu5:9Au0:1 and in [39℄for YbB12. The authors of Refs. [64; 81℄ 
on
ludedthat the dimension of the magneti
 ex
itation spe
trumde
reases near the QCP in CeCu5:9Au0:1 and its fea-tures 
oin
ide with the magneti
 re�e
tions dete
tedin the AF state of antiferromagnets CeCu5:8Au0:2 andCeCu5:7Au0:3. A similar quasi-two-dimensional (2D)
hara
ter of the spin �u
tuation spe
trum was revealedin [39℄ for YbB12. Indeed, the M1 peak in the mag-neti
 ex
itation spe
trum of YbB12 was attributed toAF 
orrelations at the wave ve
tor (1/2 1/2 1/2). As-suming that the intensity distribution re�e
ts the rangeof AF intera
tions between the Yb moments, the au-thors of [39℄ estimated 
orrelation lengths perpendi
u-lar and parallel to the above dire
tion, respe
tively 
or-responding to 
ouplings within (�k) and between (�?)the (001) planes. The values �k = (5:4 � 1:4)Å and�? = (3:4 � 1:1)Å obtained in [39℄ 
on�rm the 2Danisotropy. Moreover, we believe that this allows sup-

posing the formation of some network of many-bodystates with the most e�e
tive intera
tion between Yb�Yb pairs in YbB12.These 2D e�e
ts in CeCu5:9Au0:1 were interpretedin [6℄ in terms of both lo
al on-site 4f�5d �u
tuationsarising from the instability of the rare-earth ion 
on-�guration and long-wavelength �u
tuations due to thedevelopment of the AF instability in the vi
inity of thequantum phase transition. A

ording to the approa
hdeveloped in [6℄, fast lo
al 4f�5d spin �u
tuations leadto a renormalization of the e�e
tive mass of 
harge 
ar-riers via the formation of spin polarons (resonan
e atEF ) in heavy-fermion paramagnets. The appearan
e oflong-wavelength �u
tuations near the QCP at TN = 0in addition to the on-site ones is equivalent to �swit
h-ing on� the intera
tion between the spin-polaron 
om-plexes, leading to the formation of a network of inter-
onne
ted heavy-fermion states. As a result, the 
har-a
ter of the quasiparti
le intera
tions 
hanges abruptlyat the QCP (non-Fermi-liquid behavior) [67�70℄, andnew anomalous features (the redu
tion of the dimen-sionality of the spin �u
tuations [63; 64℄, unusual s
al-ing of the dynami
 magneti
 sus
eptibility [7; 8℄, andso on) are observed. In our opinion, the same me
h-anism is responsible for the formation of a network ofmany-body states in the matrix of Tm1�x YbxB12 solidsolutions. However, in this 
ase, when passing fromthe metal with strong 4f�5d spin �u
tuations (TmB12)to the intermediate valen
e narrow-gap semi
ondu
tor(YbB12), the lo
al on-site �u
tuations in
rease dramat-i
ally, and in addition to the AF QCP at x
 � 0:3(AF instability), both the 
ontinuous metal�insulatortransition (Fig. 17b) and the vibration instability aredeveloped with the formation of a 
age-glass state attemperatures below T � � 70 K [25℄. In our opinion, thehuge transverse even e�e
t �TE � �H2 observed in thisstudy, whi
h appears at x
 and in
reases drasti
allyabove the QCP (Fig. 17b), is also due to the formationof a stru
ture of inter
onne
ted spin-polaron states inthe 
ondu
tion band of the Tm1�xYbxB12 
ompounds.At the same time, the theoreti
al des
ription of the TEe�e
t observed in the vi
inity of a QCP is still an openquestion, and the results of present experimental studytherefore provide the ne
essary ba
kground for under-standing this phenomenon.4. CONCLUSIONSThe detailed measurements of the resistivity inthe Hall geometry in
luding Hall and transverse evene�e
ts in substitutional solid solutions Tm1�xYbxB12590
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ts in the vi
inity : : :with x � 0:81 allow separating and 
lassifying various
ontributions to 
harge transport in these strongly
orrelated ele
tron systems. The 
omprehensive analy-sis of the angular, temperature, and �eld dependen
esof the Hall probes' resistivity has been 
arried outfor these 
ompounds 
lose to the antiferromagnet�pa-ramagnet and metal�insulator transitions in a widevi
inity of the QCP at x
 � 0:3 at temperatures1.9�300 K in magneti
 �elds up to 8 T. It was foundfor the �rst time that the se
ond-harmoni
 
ontribu-tion (TE e�e
t) appears in the angular dependen
esof the Hall probe's resistivity of the Tm1�xYbxB12dode
aborides near the QCP, and it enhan
es as the
on
entration x in
reases in the interval x � x
. Apronoun
ed negative maximum on the temperaturedependen
e of the Hall 
oe�
ient for x � x
 and signreversal of RH(T ) at liquid-helium temperatures forTm1�xYbxB12 
ompounds with x � 0:5 have beenrevealed and a de
rease in RH(T ) at T < 30 K hasbeen identi�ed as a singular feature of the 
oherentregime of 
harge transport. It has been shown thatthe external magneti
 �eld drasti
ally enfor
es theTE e�e
t, also suppressing the 
oherent regime of thespin-�ip s
attering of 
harge 
arriers on the magneti
moments of rare-earth ions. For the Tm1�xYbxB12
ompounds with x � 0:5 in the intervals 120�300 Kand 50�120 K, we have found an a
tivation-typedependen
e of the Hall 
oe�
ient with the a
tivationenergies Eg � 17:8 meV and Ea=kB � 58�75 Kand the following mi
ros
opi
 parameters: e�e
tivemasses m� � 20m0 and lo
alization radii of the heavy-fermion many-body states a�p1 � 5Å (120�300 K)and a�p2 � 9Å (50�120 K). It is argued in this studythat the metal�insulator transition, whi
h developsboth in YbB12 as the temperature de
reases and inTm1�xYbxB12 solid solutions as the Yb 
on
entrationin
reases in the range 0 < x � 1, is indu
ed by aformation of Yb3+ dimers randomly distributed in theRB12 matrix. In the framework of the spin-polaronapproa
h, the appearan
e of the aforementioned oddRH(T;H) and even �TE(T;H) � �H2(T;H) anoma-lous 
omponents in the resistivity dete
ted in the Halle�e
t geometry in the Tm1�xYbxB12 series has beendis
ussed in terms of the interferen
e e�e
ts betweenlo
al 4f�5d and long-range spin �u
tuations, leadingto the formation of a �lamentary stru
ture (network)of the inter
onne
ted many-body 
omplexes in thediele
tri
 matrix of these 
ompounds.We are grateful to G. E. Gre
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