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Electron spin resonand&SR from Yb®" ions in a single crystal of fluctuating valence compound YbB
was studied. We have observed two main lines symmetrically displaced fogpwalaie of 2.55 and exhibiting
modulation with 5% anisotropy, when the magnetic field was rotated iflth® plane from the cubic axis to
the [110] direction. Experimental results are explained by an existence of Yb-Yb pairs which are coupled by
isotropic exchange but interact also with the other pairs by dipole and exchange coupling. A strong temperature
dependence of the amplitude of the ESR signals is found and interpreted as a result of capture of electrons by
Yb®* ions from electron traps with a binding energy of 18 K. The occurrence of a slight anisotropy in a cubic
semiconductor may be the result of a spontaneous break of symmetry specific for the ground state of a Kondo
dielectric.
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. INTRODUCTION Mishchenkd® and Curnoe and Kikoft and Wigner crystal-
lization or Wigner liquid modelKasuya?)].

Ytterbium dodecaboride YbB has been intensely studied A full variety of experimental methods can be useful to
in recent years since, besides samarium hexaboride;SinB choose between different models. Electron spin resonance
is a classical representative of semiconductors with fluctuattESR) can provide information on the existence of the gap in
ing valence(Kondo dielectrick The unusual properties of the electronic energy spectrum of the Kondo semiconductor
these materials being macroscopic quantum systems have ainrd its temperature dependence. Such a study was realized in
tracted traditionally the attention of investigators. They areSmB; for a classical representative of Kondo
partly discussed in reviewsee Refs. 1 and)2 semiconductor$® ESR studies in this material have also re-

Though ytterbium dodecaboride was studied by a numbeyealed both dynamic and static Jahn-Teller effettfavor-
of experimental methodéelectrical measurements, mag- ing an exciton-polaron model of the ground state of $gmB
netic suscep'tibilit)};3 he:?\t capa_lcitﬁ},optical conductivit_y in Recently two of the present authbthave studied the tem-
the far_ _mfraredS, inelastic  neutron  scatterirfy, perature dependence of the energy gap in ¥bBising ESR
photoem|35|o_ﬁ,an_d NMF.? spectrosc_opy the nature of the from spin markers (G ions) inserted into the crystal.
s s o e g, 1 he present ork ESR st s fom Ybions

with a stabilized valence in YbB single crystal. Stabiliza-

value of samarium valence 2.6 the valence of ytterbium ion?. £ th | . | fluctuati ds with
in ytterbium dodecaboride, YQB, is much closer to integer ton of the vaience In vaience-fiuctuating compounds wi
purities or defects in the crystal lattice is well known for

and is approximately 2.9. Therefore even the classification o 17 |n Ref. 15 ESR from SAT ions

YbB,, as a material with fluctuating valence is sometimesS@marium ions in Smg™" In ,
disputec®”’ was studied, and both static and dynamic Jahn-Teller effects

The experimental results on the properties of YpBre Were found. However, as far as we know, stabilization of the

usually treated using a model which considers fluctuations ofalence of YB* ions has not been observed up to now.
the ytterbium valence between-2and 3+ states and implies ~ Our experimental results demonstrate splitting and angu-
the existence of a gap in the electronic energy spectrum dar modulation of the ESR line, which should exhibit isotro-
this material. According to the experimental data, the widthpic behavior in a cubic crystal. The results can be understood
of the gap is 10—25 meV and it opens below 70 K. assuming the existence of Yhion pairs coupled by isotro-
However, the origin of the gap differs depending on thepic exchange interaction, which also interact with neighbor-
particular model. Unusual low-temperature properties of theng pairs. A strong temperature dependence of the amplitude
Kondo insulator were treated mostly in the framework of aof the ESR signals is found and interpreted as a result of the
model with anf-d hybridization gap partly renormalized by capture of electrons by Y ions from electron traps with a
correlation effect$. This model could not explain some fine binding energy of 18 K. The occurrence of anisotropy in a
details of the behavior of this material at low temperaturesubic semiconductor may be the result of a spontaneous
and more elaborate theories were put forwgedg., the break of symmetry specific for the ground state of a Kondo
exciton-polaron model developed by Kikoin and dielectric.
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S L SmB;.1° The concentration of Y ions was estimated by
] comparing the ESR signals with those from a reference
sample and was 0.2-0.5 at. %.
T=42K 1 The ESR signal consisted of two intense and one weak
i line (Fig. 1). The position of the side intense lines of the
| ] spectrum depends on the orientation of the crystal in the
I magnetic fieldgon the anglep between the magnetic field
I ] and the[001] axis in the(110) crystal plang. The averageg
I factor of the side lines af=1.6 K is 2.55. The central weak
I ] line corresponds to g factor of 2.52 with little anisotropy.
i ] The linewidthAH of the side intense lines is 80—90 Oe at
I ] the lowest temperatureT& 1.6 K) which increases to 110—
1800 2000 2200 2400 2600 2800 3000 3200 120 Oe at 4.2 K. Such a large linewidth with its fairly weak
temperature dependence is characteristic of an inhomoge-
H, (09 neous broadening of the ESR lines. We have observed also a
B o . slight increase of the factor of the side lines on the tem-
twoFIIacjré el .IirIIEeSsRa:g?tzrngki-_bttivge?]?n(g._0 demonstrating perature decrease from 2.42 and 2.62 at 4.2 K to 2.45 and
2.65 at 1.6 K. In the same temperature interval the magnetic
susceptibility was independent of the temperature within the
accuracy of 1%. The decrease of temperature from 4.2 to 1.6
In this work ESR in a single crystal of YhBwas studied. K leads to a sharp enhancement of the intense lines by a
Single-crystal YbB, was grown by the floating zone method factor of 30—40(Fig. 2). The intensity of the weak line fol-
using an image furnace equipped with four Xe lamhe lows approximately the same temperature dependence.
single crystals obtained by this technology were of purity The angular dependence of the position of the ESR lines
highest to the state of the &rt. with the magnetic field rotated in th@10 plane was mea-
The measurements were done at ¥aband in the tem- sured at 4.2 and 1.6 K. This angular dependence did not
perature range 1.6—4.2 K. YBBis an intermediate valence change with temperature. In Fig. 3, ESR signals are pre-
compound. These materials have usually the frequency afented for different angle$ between the fourfold axis and
valence fluctuations on the order of'#910" Hz.*® There- magnetic field at 1.6 K. The angular dependence of the po-
fore, observation of ESR signals at'i®z from the ions sition of the intense lines is shown in Fig. 4. It can be de-
with a fluctuating valence is impossible. However, we suc-scribed by a functiorH = 2635+ 100(3 cod¢—2 cos¢). As
ceeded in observing an ESR signal from the localized"Yb stated above, the weak line had nearly no angular depen-
state (4%, 2F,,). The origin of this signal can be attributed dence.
to the effect of defects and/or vacancies stabilizing the va- At T=1.6 K besides the ESR signal from ¥bions we
lence of Yb ions. A similar effect of valence stabilization due have observed seven narrow linesH~17 Oe) at the reso-
to local compensation of charge was previously observed imance field of 3300 Oeg(~2.00) with the intensity by two

dP/dH ( a1b units)

II. EXPERIMENT

a b
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42K
E é - FIG. 2. a. ESR spectra for sev-
£ g eral temperatures in the 1.6-4.2 K
2 T range at¢=0°. b. ESR spectra
= =L for several temperatures in the
> © 1.6—4.2 K range aty=90°.
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FIG. 3. ESR spectra for four
values of the angle between the
magnetic field and001] direction
- : : : . : in the (110 plane. Solid lines are
experimental spectra; dashed lines
are calculated ones.

dP/dH_(arbyumits)

20 20 20 B0
H ©

orders of magnitude lower than that of ytterbium lines. Thesenagnetic field was rotated in tH&10) plane from the cubic
lines can be identified as ESR from natural impurity ofGd  axis to the[110] direction.
with concentration less than 0.005 at. %. The value of the meag factor should be compared with
the results for the Y&" ion, whereg=2.585 was obtained
by Low and Rubin¥ and g=2.58 was found by Martins
et al?° This value and practically isotropic behavior of tye
As stated in Sec. I, we have observed two main linedactor suggest the ground state of the®Yion in YbB,, to
symmetrically displaced frony=(7148,)/2635=2.55 atT  be thel'y state.(The deviation of the Y&" g factor from a
=1.6 K and exhibiting modulation with 5% anisotropy when theoretical value of 2.667 was attributed by Low and Rubins
to an existence of partially covalent bonding in ytterbium

Ill. DISCUSSION

T T J T ions)
2750 | YbB,, T=L6K 4 In our case tha-factor shift from a theoretical value re-
.a o | sults from the effect of internal magnetic field, i.e., magneti-
2700 | E H=2635+300 COS’¢ -200 COSp / i zation caused by Van Vleck paramagnetism of valence fluc-
I /0 we 9 %5 .ﬁ‘ 4 tuating Yb ions(cf. Ref. 21,
g 2650 ‘@ i / o\ / \/ 7
. Q\ / \ EO [ \ . ag=L &)
o 2600 SQ S . = 5
2550 \Q / \
O H=2635-300 COS’¢ +200 COSp ] where g=8/3 is the Landefactor of thel' state,J is the
2500 Lereer, Do L L .. . exchange integral for the interaction of ¥bions and Yb

-50 0 50 100 150 ions with fluctuating valencey is the molar magnetic sus-
ceptibility, N is the Avogadro number, and is the Bohr
magneton. Using Eq(1) and y=3.3x10 2 emu/mol we

FIG. 4. Angular dependence of the ESR lines position for rota-have calculated the exchange integral vallie,1.8 meV.
tion of the magnetic field in thé¢110) plane. Additional points at The sign of theg-factor shift indicates antiferromagnetic
2650—2675 Oe are due to unpaired®Ykons. coupling of “defect” and “normal” Yb ions.

¢ (degrees)
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The I'g state with ag factor close to 2.667 can be also with resonance frequencies equally displaced againsgthe
observed from N&' ions (cf. Ref. 22. Its resonance can be factor of thel'g state with opposite signs of the shift. Such a
distinguished from that of Y3 ions mainly by hyperfine behavior points directly to the presence of two similar inter-
structure(HFS). Unfortunately we have not observed HFS in acting oscillators. This situation is well known in the theory
our experiments, presumably due to large inhomogeneowsf ESR. It corresponds to a pair of identical ions coupled by
broadening of the resonance lines. Therefore, we attribute thexchange and/or dipole-dipole interactidfsin fact the
ESR spectrum to YB" mostly basing on the intensity of its splitting of theI's resonance due to formation of pairs of
lines. The concentration of ¥b centers in our sample is closely spaced Y8 ions coupled by the dipole-dipole inter-
0.2-0.5 at. %, while the residual concentration of Nd in ouraction was recently observed in Yb-doped CsGA8r° We
sample is estimated from chemical analysis data and maghould like to stress, however, that our results differ signifi-
netic susceptibility to be less than 0.025 at. %. The absenceantly from those in Refs. 24 and 25. CsCgli& an aniso-
of noticeable concentration of the other rare earths in théropic Déh crystal, and the existence of Yb-Yb pairs was
crystal is corroborated by observation of Gdresonance predicted in advanc®.In contrast, YbB, is an intermediate
mentioned above which permitted estimation of residual convalence compound of cubi®, symmetry. In our experi-
centration of Gd amounting to less than 0.005 at. %. Besidesnents the modulation of the resonance was more compli-
in contrast to Nd™ we expect that Y& ions will be present cated than the conventional (3 égs-1) dependenc& In
even in the purest crystal similarly to St ions in CsCdBg, Yb ions are located in regularly situated positions;
SmB;.*>" The small concentration of the active spins con-therefore, the inhomogeneous broadening of the resonance is
firms the concept that the majority of ytterbium ions do notfairly small (the linewidth is~18 Oe in contrast to 80 Oe in
contribute to the ESR. Therefore, the attribution of YpB®  our cas¢ and HFS could be observed in Ref. 24.
the family of valence-fluctuating compounds is justified. The I'y state corresponds to an effective spin 1/2. The

Though our ESR signal corresponds t@ dactor of the  spin Hamiltonian of the interacting 1/2 spins has the form
I's state, instead of one isotropic line we observe two linegRef. 23, Sec. 96

|++)| | +G,+ (147, 0 0 (U48)(3,—=73y)
[+—) 0 — (1473, (1/4)(3,+73y)

|—+) 0 (18)(3,+73,) —(1/4)3, 0 ’
|= =) | (/4 (3,—3,) 0 0 —G,+ (1147,

whereG,=guH, is the Zeeman splitting of thE state, and  the terma(3T1,T,,— T1T,)(T,H), whereT=5,+S, is the
Jx, Jy, andJ, are the components of the exchange integratotal spin of the pair and, is its z projection, it will trans-
tensor for two interacting spins. The exchange interaction oform on rotation of the magnetic field as (3 égs-cos¢)
spins forming the pair leads to splitting of the levels and the(here we have already dropped the anisotropic part of the
appearance of two ESR lines on frequencies equally disexchangg This quantity corresponds to the dipole-dipole in-
placed from the mean frequency corresponding to lilge teraction of neighbor pairs and still differs slightly from the
state: hv=guH,*37./4, whereJ,=7,— 133+ Ty +7) experimentally observed angular dependence. However, if
is the anisotropic part of the exchange integra]_ we add also the eXChange interaction of the ﬂeighbor pairs
The splitting of one resonance line into two under inter-Which transforms as c3¢, we shall obtain the necessary
action of two spins of the pair can be observed only if thefésult withb=—3a/2. _ _
exchange interaction is anisotropic. In the isotropic case the 1he dipole-dipole splitting of the resonance lines permits
levels of the pair are split to singlet and triplet, but there iséstimation of the distance between the interacting pairs from
no frequency shift for both transitions between the tripletth® formula
levels. It should be noted that in the conditions of our experi-
ment we could expect the existence of an anisotropic ex- (2gu)2
change, but in that case the angular dependence should be AE=0.05%v= — - 3
coS ¢, not (3 codep—2 cose). Therefore, the model given by R
Abraham and Bleanéy cannot explain our result directly
and should be supplemented by some interaction having thehe result isR=9.1 A—i.e., quite reasonable. This estimate
proper symmetry. gives in fact an averaged interpair distance: we should expect
If we add to the Hamiltonian in our problem, that ion pairs are distributed chaotically with different inter-
pair distances in the crystal, and their interaction energy fluc-
tuates in space contributing to fluctuations of the local crystal
H=guH,T,+(1/2)3[T(T+1)—3/2], (2) field, i.e., to inhomogeneous broadening of the ESR line.
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This is the main reason for the large difference between the 0.2 0.3 0.4 0.5 0.6
ESR linewidth in Refs. 24 and 25 and our work. s ' ' ' ' 15
The special feature of our Hamiltonian is the neglect of I e e
the intrapair dipole-dipole interaction. However, if we recol- o
lect the large predominance of the exchange coupling over ar el 14
the dipole-dipole one for small distances between the ions £ .
forming the pair(Ref. 23, Sec. 1.10 this approximation .§3- ) 13
seems to be more justified. & a
The formal description of our experimental results <
achieved with the use of the Hamiltonian discussed above = 2T 12
points to the alignment of all ion pairs, i.e., the appearance of )
a special direction in a formerly cubic crystal. This fact is 1f - 41
equivalent to the existence of a sort of phase transition in- 02 03 04 03 es
duced by interpair coupling. Though we cannot explain now ™ &

the nature of this phase transition, we can speculate that it
can have much in common with the dipole-dipole ordering of £ 5 Temperature dependence of the maximum-to-minimum
nuclei discussed in Ref. 27. amplitude of the ESR line foth=90°. Dotted curve is drawn ac-

~ The intensity of the ESR signal is determined by the de<ording to the relationD/[ 1+ R exp(~A/M)] with D=125, R
rivative of an imaginary part of the high-frequency magnetic=2000, andA =18 K.

susceptibility,
We could expect that the increase of the ESR intensity
ax"ldH= Y, (B—Byg)(AB) 2ex] — (B—By;)2/AB?], observed is connected with a possible ferromagnetic or struc-
i ture phase transition. However, no indications of either tran-
4 sition in the temperature range studied are found. The mea-
surements of magnetic susceptibility showed nearly no
temperature dependence in correspondence with the behavior

Boi=hv/gu+H(¢), H($)=b(3cos¢—2cosp). of the g factor. It was demonstrated also that the angular

(5)  dependence of the ESR spectrum does not change with tem-
perature; i.e., the local symmetry of the crystalline field re-

In Fig. 3 a comparison is done of computer-simulated linemains the same. On these grounds we deduce that the most
shapes with those experimentally measured. In these calcprobable reason for the strong temperature dependence of the
lations we did not take account of the hyperfine structureESR signal is the change in the concentration of thé*Yb
since it was not observed experimentally. The agreement béens.
tween the experiment and calculations is satisfactory, though The temperature dependence of the ESR amplitude pre-
there is some difference at the lines wings. sented in Fig. 5 is close to an exponential increase with a

We should like to note that besides the energy level splitcharacteristic temperatute~ 18 K. We have described the
ting due to the ion pair formation other alternatives to thetemperature dependence of the ESR amplitude using the
Yb®* ground state were considered, including, for instancefunction
the possibility of thel'g state. However, only the concept of
pair formation in YbB, provided a consistent description of AxD/[1+Rexp —A/T)]. (6)
the experiment.

A weak line in the center of the ESR spectrum witly a The results of our simulation are shown in Fig. 5 by dotted
factor of 2.52(Figs. 1, 2, and ¥can be assigned to a reso- curve demonstrating good agreement with the experiment.
nance from singléunpaired Yb®" ions in thel'g state. Ac-  Equation(6) can be interpreted as a result of capture of elec-
cording to a crude estimate, the concentration of such centeteons from certain traps by Y ions transforming them into
is more than by an order of magnitude less than that of th&SR inactive ions with fluctuating valence. In this case
pairs. ~18 K is the binding energy of the traps, while the param-

The temperature decrease from 4.2 to 1.6 K leads to aterR=N;/N, is the ratio of the concentration of “defect”
sharp, by 30—-40 times, increase of the ESR signal. We caions N; to that of the electron trapsN; . Since N;
see from Fig. 2 that the ESR signal was very intense at 1.6-10'° cm™3, the concentration of traps should be of the
K, but nearly disappears at 4.2 K. This behavior is quiteorder of 13° cm 3. This means that the traps are different
unusual for ESR on Y3 ions. It is well known that in  from the states where electrons from ytterbium ions are col-
contrast to other rare-earth ions being not in iground lected when defect Y& ions are generated.
state, YB* ions have fairly long spin relaxation times,  Though we have described formally the temperature de-
which permit observation of ESR signals up to liquid nitro- pendence of the ESR amplitude, we cannot make definite
gen temperatures. However, though our spectra demonstratenclusions on the nature of the traps. Their energy level lies
only weak temperature dependence of the ESR linewidth inbelow the lower edge of the energy gap by 18 K, i.e., nearly
dicating inhomogeneous line broadening, the ESR intensityhe same characteristic energy as that of the position of ad-
decays sharply with temperature increase. ditional density of states inside the gap of the valence-

where
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fluctuating compound® The intragap states with an energy 2000 2200 2400 2600 2800 3000 3200
of 3.5 meV were found in another Kondo dielectric Sgiiy Tt T ' ' '
Sluchankoet al?® and interpreted as bound states of elec-  20f 120
trons in n-type material dressed by mixed exciton-polaron 1
excitations'! However, the bound exciton-polaron states pre-
dicted by Curnoe and Kikoff should lie below the upper
edge of the energy gap in contradiction to our model. There-£€
fore, we cannot at present identify our electron traps with the
bound electron-polaron states, and this point needs addition&z
studies.

It would be interesting if we could propose a specific
model of defects compensating the 0.1 change in the valenc g} {20
of the Yb ions. However, our experimental results are too N S S
scarce to make definite conclusions on such a model. We ca 2000 2200 2400 2600 2800 3000 3200
only remark that in the case of valence stabilization in H, (O¢)

SmB;, where the symmetry of the ground state of the*Sm

ions was studied using Jahn-Teller eff&tit, was possible to FIG. 6. Computer simulation of the ESR signal fp=0° with
conclude that the defect stabilizing the valence of Sm iongyperfine structure included both t6FYb and *3vb isotopes. The
can be located well remote from this ion. linewidth was set to 60 Oe.

To clarify the situation with the hyperfine structure we
have simulated the ESR spectrum similarly to the procedurdbBi,. The ground state of a Yb ion is identified as the
used by Malkinet al?* The results of simulation are shown I's state, which should be isotropic in a cubic crystal but is
in Fig. 6. We see that due to a large inhomogeneous lineactually modulated and split by a slight anisotropic correc-
width of the resonance, the hyperfine structure should b&on. Experimental results are explained by the existence of
nearly completely smeared out. Actually the experimentalyb-Yb pairs which are coupled by isotropic exchange but
ESR signal contains no contribution from HFS. This fact caninteract also with the other pairs by dipole and exchange
be caused by a possible decrease of HFS constant in a m@eupling.
terial with fluctuating valence which was proposed in Ref. Astrong, close to exponential, temperature dependence of
20. the amplitude of the ESR signals was found in the interval

The most striking and unexpected result is the possibi|ity1.6—4.2 K. It is attributed to the change in concentration of
of a spontaneous break of symmetry in a cubic crystal withYb®* ions with temperature and was interpreted as a result
fairly low concentration of defect ions. If the appearance of 20f the capture of electrons from electron traps with a binding
selected direction in a cubic crystal is not a result of unconenergy of 18 K by YB* ions.
trolled deformation of the sample during growth or prepara- The occurrence of anisotropy in a cubic semiconductor
tion, it can be a consequence of a sort of phase transition intday be the result of a spontaneous break of symmetry spe-
an asymmetrical low-temperature state of the Kondo dieleccific for the ground state of a Kondo dielectric.
tric predicted, in particular, by Kasuya.
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