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The electronic and structural properties of potassium hexaboride, KBs, were examined by transport, magnetic
susceptibility, EPR, and NMR measurements, temperature-dependent crystal structure determination, and electronic
band structure calculations. The valence bands of KBg are partially empty, but the electrical resistivity of KBg
reveals that it is not a normal metal. The magnetic susceptibility as well as EPR and NMR measurements show
the presence of localized electrons in KBg. The EPR spectra of KBg have two peaks, a broad (~320 G) and a
narrow (less than ~27 G) line width, and the temperature-dependence of the magnetic susceptibility of KBg exhibits
a strong hysteresis below 70 K. The temperature-dependent crystal structure determination of KBs shows the
occurrence of an unusual variation in the unit cell parameter hence supporting that the hysteresis of the magnetic
susceptibility is a bulk phenomenon. The line width AH,, of the broad EPR signal is independent of temperature
and EPR frequency. This finding indicates that the line broadening results from the dipole—dipole interaction, and
the spins responsible for the broad EPR peak has the average distance of ~1.0 nm. To explain these apparently
puzzling properties, we examined a probable mechanism of electron localization in KBg and its implications.

1. Introduction MgB, consists of honeycomblike 2D boron networks and
h becomes a superconductor at a rather high temperature (
= 40 K).” 10 The hexaborides AB(A = alkali metal,
alkaline earth, rare earth, actinide) have 3D boron networks

Borides of alkali-metal, alkaline-earth, and rare-eart
elements possess two-dimensional (2D) and three-dimen-
sional (3D) electron-deficient boron networks and exhibit
interesting physical propertiés? The magnesium diboride  ~ 1y gium p.. Bertaut, FActa Crystallogr.1954 7, 81.
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Properties of Potassium Hexaboride

Figure 1. Schematic perspective view of the crystal structure o, AB
where the small dots refer to the B atoms and the large filled circle refers
to the A cation. BB1 and BB2 are the inter- and intraoctahedreB Bonds,
respectively.

made up of B octahedra;'* 14 in which the A" (n = 1—4)
cations and (B" octahedral clusters adopt the CsCl-type
structure (Figure 1). EachgBoctahedron is linked to the
surrounding six Boctahedra by its vertexes to form sixB
bonds so that there occur two kinds of- B distances. The
alkaline-earth and rare-earth hexaborides; M8 = Ca, Sr,
Ba, Eu, Yb) have 20 valence electrons/formula unit (FU).

the alkali-metal hexaboride KBwith 19 valence electrons/
FU. Indeed, YB and LaB are metals and exhibit supercon-
ductivity at low temperatures (i.eT. = 7.1 and 0.45 K,
respectively)326 An electronic band structure studysug-
gests that the Fermi level of KBies well below the top of
the valence band, as expected from the rigid band picture.
Our electrical resistivity measurements of K&rried out
for pellets of fine powder samples indicated thatd8not
a normal metat® Moreover, our magnetic susceptibility and
EPR measurements showed thatsKis localized spins and
exhibits a highly unusual hysteresis in the magnetic suscep-
tibility below 100 K28 These puzzling observations are
difficult to understand if KB is a normal metal. In this work
we probe these observations on the basis of physical property
measurements (i.e., electrical resistivity, magnetic suscep-
tibility, EPR, NMR), temperature-dependent crystal structure
determination, and electronic band structure calculations.
Our work is organized as follows: Section 2 summarizes
sample preparation. Results of physical property measure-
ments (electrical resistivity, magnetic susceptibility, EPR,
NMR, and SEM) are described in section 3, and those of
temperature-dependent crystal structure determination in
section 4. The orbital compositions of the valence and

These hexaborides are either small gap semiconductorsconduction bands of KBare analyzed in section 5 on the

or semimetal$?'522 Thus, if electron localization is
neglected?® 2% one would expect from the rigid band picture
that the rare-earth and actinide hexaborides A8 =Y,

Ln, Th) with 21 valence electrons/FU are metals, and so is
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basis of first principles and tight-binding calculations. How
to account for electron localization in KBand its conse-
guence on the magnetic properties are discussed in section
6. Finally, important conclusions of our work are summarized
in section 7.

2. Synthesis of KB

Powder samples of KBwvere prepared by direct synthesis from
amorphous boron (99.99% purity, particle siz&50 nm, from Alfa
Aesar, Johnson Matthey GmbH) and potassium metal (Sigma-
Aldrich, purity >99.9% after distillation). The chemical reaction
was carried out with potassium excess in sealed molybdenum
crucible at 90C°C for 2 days under pure argon atmosphere. After
opening of the molybdenum crucible under pure argon atmosphere
in a drybox, the excess potassium that did not react was removed
by distillation under vacuum (I3 mbar) at 350°C for 2 days.

The final product was washed in 5 N hydrochloric acid at°Z5

for 5 h and then with pure ethyl alcohol. The final product was
dried under vacuum (10 mbar) at room temperature. We
determined by inductively coupled plasma (ICP) spectroscopy and
Rietveld refinements (Table 1) that these g&mples are slightly
potassium deficient.

Samples showing compositions ranging fromg&8 Ko .od1.086
are “Bordeaux” red, and those farther from stoichiometry (084
X < 0.96) are rather black. Single phases are observed for9.84
X < 1. The composition depends on the synthesis temperature,
ranging between 800 and 105®. The lower the synthesis
temperature, the greater the potassium content becomes. A scanning
electron microscopy (SEM) picture of powdes §Bs is presented
in Figure 2, which shows cubic single crystals with an average
side length smaller than 70 nm.

(26) Shell, G.; Winter, H.; Tietschel, H.; Gompf, Phys. Re. B 1982
25, 1589 and references therein.
(27) Okatov, S. V.; lvanovskii, A. LPhys. Status Solidi BO0Q 222, R6.
(28) Etourneau, J.; Ammar, A.; Villesuzanne, A.; Villeneuve, G.; Chevalier,
B.; Whangbo, M.-HInorg. Chem.2003 42, 4242.
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Figure 2. SEM picture of K 97Bs.
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Figure 3. Electrical resistance and thermoelectric power (inset) afBs
as a function of temperature.

Table 1. Temperature Dependence of the Structural Parameters pf KB

temp (K) x(B) cell param (A) K-occupation
25.00 0.300 84(34) 4.221 57(5) 0.9447(44)
35.00 0.302 11(97) 4.221 85(10) *
45.00 0.302 79(85) 4.222 38(10) *
48.00 0.301 54(59) 4.221 77(5) *
55.00 0.301 68(59) 4.221 61(5) *
60.00 0.301 04(25) 4.22098(2) 0.9464(33)
75.00 0.301 80(*) 4.221 89(15) *
100.00 * 4.222 07(10) *
150.00 * 4.222 47(10) *
200.00 * 4.223 04(10) *
250.00 * 4.223 71(15) *
300.00 0.301 83(45) 4.224 60(5) 0.9469(82)

* Undetermined due to lack of enough reflections.

3. Physical Properties

3.1. Electrical Resistivity and Thermoelectric Power.

Ammar et al.
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Figure 4. Thermal variation of the magnetic susceptibility o &Bs
measured for the first cooling and first heating cycle with cooling/heating
ratev = 10 K/min. The inset shows the corresponding results determined
with a slow cooling/heating rate (i.ev, = 1 K/min for the 4.2-100 K
region and 10 K/min for the 166300 K region) (taken from Figure 1 of
ref 28).

sary to understand the nature of electrons in the partially
empty bands of KR

3.2. Magnetic Susceptibility.The magnetic susceptibility
data of Ky 9/Bs Were reported in our previous stuéiThus,
in this section, we briefly summarize the essential findings
of the magnetic susceptibility data. Figure 4 shows the
magnetic susceptibility curves ofol§Bs, measured while
cooling the sample from room temperature to 4.2 K (the first
cooling) and subsequently heating from 4.2 K to room
temperature (the first heating) undeiH = 1 T with cooling/
heating ratev 10 K/min. Koy9Bs appears practically
diamagnetic above 100 K, and the susceptibility for the first
heating cycle is different from that for the first warming
cycle. The slow cooling/heating rate does not radically alter
the nature of the susceptibility curves (see the inset of Figure
4). When the sample was quickly cooled to 57 K ungag
= 1 T at the end of the first heating at room temperature
and the susceptibility is measured as a function of time while
staying at 57 K (undenoH = 1 T), then the susceptibility
increases gradually as a function of time almost reaching
the susceptibility peak value in 50 min (not shown). Figure
5 shows that the second cooling and the second heating

The electrical resistance measured for pressed pellets ofcycles reproduce the susceptibility hysteresis found in the
Ko.oBs samples (sintered under saturation vapor pressure offirst cooling and the first heating cyclessd = 1 T andv
potassium) as a function of temperature is presented in Figure= 10 K/min). In our third cooling cycle, we quenched the

3. Ko.9/Bs exhibits activated conductivity above 170 K (with

sample from 100 to 40 K undetgH = 1 T and then

activation energy 26 meV) and temperature-independentmeasured the susceptibility for the third heating cycle. The

conductivity below 170 K. The thermoelectric power mea-
surements for KqBs Using sintered samples under saturation

third heating curve has a lower susceptibility than does the
second heating curve at 40 K and produces a susceptibility

vapor pressure of potassium show that the Seebeck coefpeak with a slightly lower intensity compared with that of

ficient is positive (inset of Figure 3). The thermoelectric
power is consistent with the view that KB a metal with

the second heating cycle. The fourth cooling curve from 100
to 40 K with » = 10 K/min is superimposed on the second

hole-type carriers, while the resistance measurements suggestooling curve. All these observations indicate that:#8s
a need to consider the occurrence of electron localization in undergoes a slow relaxation process below 100 K.

KBs. However, it should be noted that transport properties

3.3. EPR Measurements. A. X-Band (9.5 GHz) EPR.

of powder samples are strongly affected by electron transportThe EPR data for l¢/Bs measured using conventional

between grain boundaries, which is sensitive to sintering.

continuous wave X-band EPR were also reported in our

Thus, measurements of other physical properties are necesprevious study? Thus, the essential findings of these EPR

4976 Inorganic Chemistry, Vol. 43, No. 16, 2004
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1x10°% that of the EPR peak of CuS®H,O, which has one
; unpaired spin/FU, measured under the same experimental
1x10°8- +f§$’“d cycle conditions. In the absence of the saturation effects, the double
1 o fouﬂr?gilm integral of the first derivative EPR signah, depends on

the number of spins/FUf, the number of the functional

. , pH=1T units in the sampld\, and the microwave powel, asA [
‘g’ 610 fNvP. To ensure the absence of temperature-dependent
J:L? 4107 saturation effects on EPR signals, EPR spectra @485
and CuSQ@5H,0 at a given temperature were measured at
21074 two different incident microwave powers Bf= 0.200 and

0.795 mW. From these measurements, flhievalues are

estimated to be in the range of £6-102 spin/FU (i.e., 8

. . . . . x 1074 spin/FU at 4.2 K, 9x 1072 spin/FU at 60 and 100
4 %0 e 0 & 0 100 K, and 3x 1072 spin/FU at 291 K). Therefore, the average
TK size of a “domain” (to be referred to as a spin bag) leading

Figure 5. Magnetic susceptibility of KeBs measured for the second  to the broad EPR signal would be of the order of 1250 B

cooling/heating cycles, for the quenching/third heating cycles, and for the

fourth heating cycle. ocfcahedra_ at 4.2 K.to 33¢Boctahedra at. 291. K. If such a
spin bag is approximated by a cube with side lengtk

data are briefly summarized. The powder sample g8 Na, wherea is the unit cell parameter (i.e., 0.42 nm) aNd
was first cooled to 4.2 K in the absence of magnetic field, IS the number of Boctahedra forming the side of the cube,
and a set of EPR spectra was taken while heating the sampléh€nN ranges fron~3.2 at 291 K to~11 at 4.2 K, so that

to room temperature (RT). After that, the sample was cooled L ranges fron~1.3 nm at 291 K to~4.5 nm at 4.2 K. Our
back to 4.2 K. The effective heating/cooling rate for the EPR SEM measurements of powdep &Bs samples (Figure 2)
studies was less than 1/10 that utilized in magnetic suscep-SNow tiny cubic single crystals with side length smaller than
tibility measurements. Typically, EPR spectra were taken at /00 nm. Since KBis an odd number of valence electrons/
microwave frequency of 9.465 GHz, incident microwave FU (i.e., 19), there can be in principle one spin/FU. From
power= 0.2 mW, center field= 3500 G, and sweep width this localized viewpoint, most spins are paired up and only
= 7000 G, and were digitized to 1024 points. At 4.2 K, a @ small number of spins are left over in KBNamely, on
narrow signal is superimposed on a broad signal (the peak-average, every 33 FU'’s have one spin responsible for the
to-peak line widths\H,, of ~26.4 anc~315 G, respectively) ~ Proad EPR peak at 291 K and every 1250 FU's do at 4.2 K.
(see Figure 2 of ref 28). The narrow signal is hidden under B. Effect of Microwave Frequency on EPR Signal and

the broad signal at RT and becomes clearly visible below Its Implication. To further characterize the nature of EPR
100 K. TheAH,, of the broad signal is practically tempera- signals of k¢Bs we have carried EPR measurements at
ture independent. The EPR susceptibility (obtained by double several different EPR frequencies, i.e., 1.38,-8&, 35,
integration of the EPR signal) for the heating and cooling 94, and 186 GHz. Due to the broad range of EPR frequencies,
cycles show a strong hysteresis below 100 K, as do the mag-it was necessary to utilize different EPR spectrometers. This
netic susceptibility curves (see Figure 3 of ref 28). However, required the use of sample tubes of different sizes. The
the EPR susceptibility for the cooling cycle differs from the powder sample was flame-sealed in a short (ca. 15 mm long)
magnetic susceptibility of the first cooling cycle in that the quartz tube of 3 mm inner diameter and 4 mm outer diameter
former exhibits a prominent susceptibility peak around 52 for measurements at L-band (1.38 GHz) and X-band-{9.8
K, while the latter shows a small kink at 538 K. 9.5 GHz) and also for measurements at 94 and 186 GHz

Thus, our X-band EPR results showed thats#8s has using a quasi-optical EPR spectrometer at the National High
localized electrons above 100 K and that there exist two kinds Magnetic Field Laboratory (Tallahassee, FL). Two other EPR
of environments for the unpaired spins, one responsible for SPectrometers utilized in our study, a Varian Century Series
the broad EPR signal and the other for the narrow one. To Q-band (35 GHz) and a W-band (95 GHz) spectrometer built
understand what kind of slow relaxation process the localized @t the lllinois EPR Research Center, were equipped with
electrons of I§¢:Bs undergo, we estimated what fraction of ~cylindrical TEo1-012type resonators that cannot use sample
a spin/FU is responsible for the narrow and broad EPR peakstubes with outer diameter larger than 0.95 mm (W-band)
(fv andfs, respectively). The comparison of the areas of the and 2.0 mm (Q-band). For these Q- and W-band measure-
integrated narrow and broad EPR peaks showedfihata ments, the Sample was flame-sealed inside thin-wall>0.7
very small fraction offg, i.e., fu/fs = 2 x 10%at 4.2 K, 5 0.87 mm quartz capillaries (VitroCom, Mountain Lakes, NJ).
x 10%at 20 K, and 3x 10 at 30 K (for the estimation of Figure 6 shows an X-band (9.5 GHz) EPR spectrum
the RT value off\/fs, see below). The narrow EPR signal obtained at RT. Although the contribution of a narrower
(sweep width= 130 G) clearly shows evidence for a signal is hard to see in this spectrum, least-squares simula-
hyperfine structure (of at least 10 lines) centeredyat tions reveal its presence; the spectrum is well modeled as a
2.0025 (inset of Figure 2 in ref 28). To estimate th&alue superposition of a broad Lorentzian shape with a less intense
for the broad EPR peak, we compared the double integraland much narrower signal. The narrow signal at this
corresponding to the area of the broad peak ©§RBs with temperature and resolution is also well modeled as a

Inorganic Chemistry, Vol. 43, No. 16, 2004 4977
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The EPR spectra of §&Bs measured by differenb, from
(a) 1.38 to 184 GHz are summarized in Figure 7. The left-hand
side of the figure shows room-temperature spectra at 1.38,
9.52, 92.8, and 184 GHz. Least-squares simulations shown
on the right-hand side of the figure were corrected for a
(b) baseline drift and a dispersion contribution. (The latter are
responsible for the asymmetric line shape of the 184 GHz
spectrum in Figure 7d.) Due to the low signal-to-noise ratio

(c) of the latter spectrum, it was unchanged over more than 2
7 orders of magnitude in the EPR frequency; our least-squares
(d) simulations show that the variation &H,, is within +2%.

2500 3000 3500 4000

It should be noted that the shape of the EPR signal remains
the same even at L-band (1.38 GHz). When the magnetic
_ - Magnetic Field (G) _ field was swept over the maximum allowed range from 41
lemperature using 8.5 GH: (2)the expermen) spectrum; (5 the calculatect® 981 G at this fixed-frequency experiment, the center of
spectrum for the broad peakKlyp, = 318.0 G); (c) the calculated spectrum the spectrum was observed at ca. 491 G. Thus, while the
of the narrow peak AHp, = 18.0 G); (d) the difference between the  magnitude of magnetic field increases by a factor of about

experimental and the calculated spectra. 2 from the lower field minimum of the first-derivative EPR

Lorentzian function. The residual of least-squares simulations Signal to the upper field maximum, the shape of the EPR
(i.e., the difference between experimental and simulated Signal remains Lorentzian. Therefore, at RT, the EPR signal
spectra), shown in Figure 6, demonstrates that this modelhas no magnetic field dependence down to a few hundred
fits the experiment exceptionally well. The simulations for gauss. The line width and the line shape of alo#s
the peak-to-peak line widths show thait,, = 318.04+ 0.5 samples studied remains essentially the same over a broad
G for the broad component atHp, = 18.0+ 0.5 G for range of EPR resonance conditions spreading from 1.38 to
the narrow component. From these simulations we estimate186 GHz (corresponding magnetic fields from ca. 490 to
that thefy/fz value is estimated to be 8 10 at room 66 100 G). The absence of any dependence of EPR signal
temperature, which is consistent with the corresponding in such a broad range of resonance frequencies is rarely
values estimated at 4.2, 20 and 30 K. observed. In view of the AnderseiWeiss theor$f discussed
The shape of the broad EPR signal is consistent with anabove, it is concluded that the exchange frequency is much
exchange-narrowed spectrum, which is Lorentzian in the lower than the lowest frequency of the EPR experiment (i.e.,
center and Gaussian in the wings. The frequency dependence), < wo = 1.38 GHz) and that thg-anisotropy is too small
of an exchange-narrowed spectrum depends on the effectivao contribute to any additional line broadening even at 184
dimensionality of the spin system. For a 3D systeXh, GHz.

is related to the EPR frequenay as follows? One possible mechanism for such a frequency/field

H .2 independent line width could be a pure dipolar (through-
AH,,= Wd 1+ §e‘°-5(w°’we)z + %e—z(wdwaz (1) space) spiaspin interactior$! There are several theoretical
e treatments of dipolar spifspin interactions in solids. In the

Here Hq is the dipolar field,He is the exchange field, and  Past the Van Vleck moments method and the statistical line

we= yH. s the exchange frequency. This expression predicts Shape theory have been used successfully to analyze static
that as the frequenay, of EPR experiments is increased, dipolar broadening of EPR lines in soliéfs* Although the

i.e., as fp/we — o, the line width decreases until it reaches Mmoments method is straightforward to employ, an accurate
the limiting valueAH,, = H&/H.. Other terms such as the Calculation of the second moments from the EPR data is not
g-factor anisotropy and the distribution gffactors (i.e., the ~ an easy task and is subject to relatively large errors

g-strain) may also contribute so thAH,, is modified as originating from the sloping baselines and the noise at the
far wings of the spectra. Thus, a line shape analysis is more

reliable. There are some modifications of the Van Vleck
moments method that could also be used to derive the shape
, 2 , of dipolar broadening. In the absence of exchange and
X'w,"+C (2) h C . : T
yperfine interactions, the resonance shape is Gaussian if
where Xwo describes line width broadening due to the more than 10% of the lattice sites are occupied by the
g-strain and EPR instrumentatioK; w¢? expresses broaden- paramagnetic ions and is approximated by a Lorentzian when
ing due to the difference ig-factors of the magnetically  the occupancy falls below 10%Under the latter conditions,
nonequivalent sites in the presence of exchange,Girig
the residual line widti®3!Equation 2 predicts that the EPR  (30) cage, B.; Cevc, P.: Blinc, R.: Brunel, L.-C.; Dalal, N.J5.Magn.

Hd2 5 0.5 2 2 2
" Oa0.5wdwe? | £q—2wdwe)
Ay =1 |1+ 30 +35 + Xy +

line width should eventually increase with increasingat 1) geS_OH 199A§ |135§ 178-S] Chem. Phy<2001 115 7650
. . mirnov, A. |.; Sen, SJ. em. Phy: .
very high EPR frequencies. (32) Van Vleck, H.Phys. Re. 1948 74, 1168.
(33) Kubo, R.; Tomita, KJ. Phys. Soc. Jpri954 9, 888.
(29) Anderson, P. W.; Weiss, P. Rev. Mod. Phys 1953 25, 1. (34) Kittel, C.; Abrahams, EPhys. Re. 1953 90, 238.
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Figure 7. Room-temperature EPR spectra of ¢Bs measured at various EPR frequencigs (a) wo = 1.38 GHz; (b)wo = 9.52 GHz; (c)wo = 92.8
GHz; (d) wo = 184 GHz. The left-hand side shows the experimental spectra, and the right-hand side the least-squares simulations.

predominantly a Lorentzian line shape is also predicted from 39K
calculations based on statistical methods. For example, for KCI
solids of spin-1/2 sites\Hy; is related to the spin concentra-
tion C as follows?®®

AHpp = 2(%1)39[30 3) J .

Hereg is the electrorg-factor andg is the Bohr magneton.
If we assume a uniform distribution of spin-1/2 sites ind(B KBe
then the resulting EPR signal should be well modeled by a
Lorentzian function and eq 3 can be used to estimate the
interspin distance. If the isotropic spin arrangement is
assumed, th€ value obtained from eq 3 usingH, = 310 . , ' . .
G shows that the side length of a cube containing one 300 200 100 0 4100 200
unpaired spin is approximately 1.0 nm. The latter value may ppm
be an underestimate because this estimation is based on thEigure 8. **K MAS NMR spectra of (bottom) KsBs and (top) solid
. . . . KCI (11.75 T magnet, 23.3 MHz, single short pulse, 5 kHz spinning; 0
assumption that the width of the broad EPR signal arises p,m reference: 1 M aqueous solution of KCI).
solely from dipolar origin, but there can be other contribu-
tions to the width (e.g., unresolved hyperfine interactions). ppm (not shown). Thus, the range of tH& chemical shift
The average distance 6f1.0 nm between adjacent spins is rather wide for very similar compounds. This is due most
deduced from th&\H,, value of the broad peak is consistent likely to a large polarizability of the electron cloud around
with the value of~1.3 nm estimated from the peak area at K, whose screening effect opposing the applied field can be
291 K in the previous section. However, it is not consistent significantly affected by the surrounding atoms. In addition,
with the value of~11 nm estimated from the peak area at we carried out measurements to record eMAS NMR
4.2 K. This discrepancy can be resolved if there exist signal of KsSiss and Ky s2C00;, both of which are materials
structural units responsible for the broad EPR peak ig,KB with metallic conductivity with an expected participation of
in which the average distance between spins is approximatelyK to the density of states (DOS) at the Fermi level. Indeed,
1.0 nm and if the concentration of these structural units in these two compounds, tH& NMR signal could not be
decrease with decreasing temperature from RT. An implica- observed, due to too strong hyperfine interactions. Conse-
tion of the latter observation will be discussed in section 6. quently, the NMR peak of l{e/Bs 0bserved at 150 ppm does
3.4. Solid-State Magic Angle Spinning (MAS) NMR. not show a significant hyperfine shift caused either by
A. 3K MAS NMR. The®*K MAS NMR spectrum of I§ ¢Bs electron spins or by delocalized electrons present on the K
is shown in Figure 8, which also shows the spectrum of solid nucleus. This suggests that potassium ingkRists as K.
KCI measured under identical conditions (11.75 T magnet, Indeed, electronic band structure calculations for iKBow
23.3 MHz, single short pulse, 5 kHz spinning), where the a very small contribution of K at the Fermi level (section
spectra are referenced to thdtaol M aqueous solution of ~ 5), in agreement with the small shift of the NMR line.
KCI (0 ppm).3K is not commonly used for NMR, because ~ The width and shape of th€#K MAS NMR signal are
of its very low magnetogyric factor. With respect to thé K quite different from those of solid KCI. Siné& is a spin-
solution, solid KCI resonates at 49 ppm and solid KBr at 55 3/2 nucleus, one might consider the line shape to be affected
by second-order quadrupolar effects. However, the line shape
(35) Grant, W. J. C.; Strandberg, M. W. Phys. Re. 1964 135 A715. observed is not characteristic of such effects. The width of

Inorganic Chemistry, Vol. 43, No. 16, 2004 4979



Ammar et al.

for the most intense signal at the center. All other signals
are spinning sidebands of the satellite transitions, which are
11 B spread over a very wide frequency range. In addition, despite
its weak quadrupolar momentB easily exhibits second-
order quadrupolar effects due to the covalency of its bonds
with the surrounding atoms. Namely, the electron cloud
around!B has the symmetry of the bond arrangement, which
leads to nonspherical EFG’s and hence the classical second-
order line shape of the central line with two bumps as can
be seen, for example, for 3-fold-coordinated boron in borates.
Such a signal is clearly observed in the spectrum ©§Bs
IH““ H ' ““ “M } m “” “” ’ I”M“ (at +10/—10 ppm). In addition, a sharp signal at O ppm is
also observed, typical of a tetrahedrally coordinated boron,

. , i : . with no second-order quadrupolar line shape showing a close-
4000 2000 0 -2000 4000 to-spherically symmetrical environment. TH€0/—10 ppm

ppm and the 0 ppm signals are assigned respectively to triangular
and tetrahedral borons belonging to some borate impurities
probably present on the surface of the &fample.

The central line for*'B in KogBs (84 ppm) does not
exhibit second-order quadrupolar characteristics. However,
this line is both rather broad (with a shoulder at 50 ppm)
and quite shifted. The shift is due most probably to the
contact contribution of the hyperfine interactions. In prin-
ciple, this shift is due either to the presence of some density
of electron spins on the boron nuclei (Fermi contact) or to
the participation of an s orbital of boron to the Fermi level
so that the nucleus experiences the Pauli paramagnetism of
the conducting electrons (Knight shift). The width of the
signal might partly result from residual dipolar interactions

with electron spins or with othé#B nuclei (homonuclear),
o o 0  o2m  am despite MAS. However, it is rather assigned, as well as the
ppm shoulder, to distributions of boron environments. This was
Figure 9. B MAS NMR spectrum of KoBs (7 T, 96.3 MHz, short confirmed by the observation 68 MAS NMR spectra for

single pulse, 15 kHz spinning; 0 ppm reference: tetrahedral boron of @ series of KB samples with different actual stoichiometries
NaB.0y7): (top) large-scale view; (bottom) zoomed-in view of the central (not ShOWI’]).
line.

expanded view

To help interpret what the NMR signal of kBmplies,
the line could be due to residual dipolar interactions with We have also carried o4tB MAS NMR measurements of

electron spins or conducting electrons, not fully averaged CaBs and LaB. Cabs is either a small gap semiconductor
out by MAS. However, the structure of the line suggests a Of & semimetal, while Lagis a good metal. For CaBa
distribution of signals with various intensities and hence that small shift (15 ppm) and a large relaxation tirfie (120s)

of locally different K environments. The latter would arise are observed. This is consistent with a very small amount
from the K nonstoichiometry, since it gives rise to K atoms Of electron spins, expected for a semimetal or a very small
with different arrangements of surrounding K atoms and gap semiconductor. For LaBwhich is a good metallic

vacant K positions, as confirmed by the recording%¢ condugtor, Fhe (_:hemical shift is very small (2 ppm) gnd the
MAS NMR spectra for KB samples with slightly different ~ relaxation time is very short (5 ms). These observations are
actual stoichiometries (not shown). consistent with the fact that the electrons at the Fermi level

B. 1B MAS NMR. The single pulsé'B MAS NMR are in the La 5d states. ForgkBs the shift is relatively
spectrum (7 T, 96.3 MHz, short single pulse, 15 kHz large (84 ppm) and the relaxation time is relatively short
spinning; 0 ppm reference, tetrahedral boron obBI&;) (50 ms) by comparison with that of CaBrlhese findings
for Ko.e/Bs is shown in Figure 9, with a zoomed view of the indicate either the presence of localized electron spins in
central line.!'B is also a spin-3/2 nucleus, so that the three Ko.gBs, with some spin density at the B nucleus sites (Fermi
NMR transitions (3/2 to 1/2; 1/2 te-1/2; —1/2 to—3/2) do contact shift), or the presence of conducting electrons, with
not occur at the same frequency, as long as the electric fieldsome electron density present in an s orbital of boron
gradient (EFG) around B deviates from the perfect spherical (positive Knight shift). As shown in section 5, the B 2s
symmetry (the first-order quadrupolar effect). This leads to contribution at the Fermi level is negligible. In a metallic
the very large number of spinning sidebands observed in thepicture, because the Fermi level lies in p orbitals of boron,
spectra. The central transition-1/2 to 1/2) is responsible  one would expect a negative Knight shift due to the
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Figure 10. 1B triple quantum MAS NMR spectrum ofdoBe (7 T, 96.3 26 (%

MHz, 15 kHz spinning; 0 ppm reference: tetrahedral boron ofB¥ay;
horizontal axis,02 = dcs + Oaqis; vertical axis, 01 = dcs — (10/17Pqis
(see text)). The chemical shift distribution line is shown by the dotted line.

Figure 11. Observed versus calculated powder diffraction pattern of KB
at 60 K. Excluded regions contain small peaks of an impurity phase.

. . ) . Table 2. Conditions of the X-ray Diffraction Data Collection for KB
polarization of the electrons in the s orbital by the conduction at Different Temperatures

electrons in the p orbital. One can therefore conclude that
the positive shift observed by NMR is a Fermi contact shift,

temp (K) X(initial) (deg) av step (deg) &final) (deg)

. . . . 25.00 4.0180 0.0082 55.4812
showing the presence pf Iocahze_d elect.ron.splns V\_/lth a We_ak 3500 12.0294 0.0082 22 9876
transfer on the potassium s orbital, which is consistent with  45.00 12.0310 0.0082 22.2810
the magnetic susceptibility and EPR measurements. 48.00 8.0278 0.0082 30.4794
) 55.00 8.0278 0.0082 30.4794

To further understand th€B NMR line shape, we have 60.00 4.2124 0.0062 554926
carried out'’B 3Q-MAS experiments (Figure 10). In this 75.00 12.0212 0.0082 21.9760
2D experiment, one allows a triple quantum coherence (3/2  100.00 12.0212 0.0082 21.9760
to —3/2 transition) to evolve and then converts it into an 150.00 12.0212 0.0082 29842
0 ansition) to evolve and _ 200.00 12.0212 0.0082 21.9760
observable coherence, thus creating the corresponding free 250.00 12.0294 0.0082 20.4836
induction decay in the second dimension. In the 2D map, 300.00 5.0266 0.0082 45.7970

the horizontal axis corresponds to the usual MAS dimension, ]

where the signals positiady is the sum of the chemical (or 4 Crystal Structure of KB as a Function of

Fermi contact) shifdcs and the second-order quadrupolar Témperature

induced shiftdgs (i.€., 02 = dcs + dqis), while the vertical The high-resolution X-ray synchrotron powder diffraction
axis corresponds to the so-called isotropic dimension, whereexperiment on KBwas performed on the Swissorwegian

the signals positio; is a different linear combination of  Beam Line BM1 at ESRF. A capillary of 0.7 mm diameter
the two kinds of shifts [i.e.0; = dcs — (10/17Pqis]. was used as sample holder. The 2-circle diffractometer has
Therefore, the line with slope 1 (i.e., the chemical shift a set of six detector/analyzers mounted in tAei2cle, which
distribution line) contains signals of identical second-order allows one to collect six complete patterns simultaneously,
quadrupolar induced shifts, i.e., where only the chemical (or with an offset in 2. The angular offset between the detectors
Fermi contact) shift changes. In the case of¢KiBe result s close to 1.1 The analyzers are Si-111 crystals in front of
presented in Figure 10 shows two signals corresponding toeach detector (Nal scintillation counter), resulting in an
the main signal and the shoulder observed in the 1D intrinsic resolution (fwhm) of approximately 0.0lat a
experiment of Figure 9, repeated vertically due to MAS (one wavelength of 1 A. We have worked at a wavelength of
can also observe the signals of the borate impurity at 0 ppm).0.689 433(3) A. The capillary with the sample was mounted
It appears that the two spots are elongated and aligned in @n a spinner inside a He cryostat, and we worked at
direction close to the chemical shift distribution line. This temperatures between 25 and 300 K. We have performed a
suggests that the corresponding boron atoms differ essentiallyset of scans, of different2ranges, at the temperatures
in their shift (which in the present case is a Fermi contact collected in Table 2.

one) rather than in the symmetry of the electrical field  The powder diffraction patterns show the presence of a
gradient they experience (which generates the second-ordesmall quantity of an impurity phase (probably KB
quadrupolar effect). Thus, it is likely that the two types of agreement with thé'B NMR observation), which does not
boron atoms corresponding to the two NMR signals differ interfere with the main KBcubic phase. We have performed
in their electronic state, i.e., in the number of electrons that Rietveld refinements of all the data and fixed the zero shift
have been transferred to them by the surrounding K ions. to that found at 60 K (the highest quality data) to obtain
The two types of signals would therefore correspond to reliable values of the cell parameter (Figure 11). The most
different zones in the sample where the extents of K atom complete diffraction patterns correspond to those collected
vacancies are substantially different. at 25 K, 60 K, and RT. The other patterns are limited to a
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42263 T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T Table 4. Exponents;; and Valence Shell lonization Potentidlg of
3 ] Slater-Type Orbitalg; Used for Extended Hkel Tight-Binding
4.2258 [ /’I E Calculation3
Q r e ]
E 4.2253 c / 3 atom xi Hi (eV) Gi P Gi cP
B azasf //f E B 2s —13.4 1.413  0.8710 0.8760  0.1852
2 F - ] B 2p —8.40 2.217 0.2153 1.1060 0.8405
T 42243 F /{/ 5 K 4s —4.00 1.205 1.0000
2 o ] K 4p —2.76 1.100 1.0000
g ans | .
g E ] aHj’s are the diagonal matrix elemenig|He"|yi[] where Heff is the
E. 42233 | ] effective Hamiltonian. In our calculations of the off-diagonal matrix elements
= E E Heff = [yi|Hef ;0] the weighted formula was usé#?? b Coefficients used
< 4.2228 | ] in the double& Slater-type orbital expansion.
42223 | 3 5. Electronic Band Structure of KBg
42218 © . : . . . : . . i i
1 10 70 100 1% 160 190 230 250 280 310 The electronic struct.urg of the normal metallic state.of
KBs was calculated within the framework of the density
Temperature (K)

Figure 12. Cell parameter of KBas a function of temperature.

Table 3. B—B and K—B Distances (in A) of KB at Three Selected
Temperatures

temp (K) K-B BB2 BB1
300.00 3.1023(9) 1.8033(19) 1.6744(27)
60.00 3.1006(5) 1.7970(11) 1.6796(15)
25.00 3.1012(7) 1.7961(15) 1.6815(21)

few reflections (only 3 in the diffraction pattern at 250 K).
The refinement gives typic&-Bragg factors as 2.2% (RT),
2.7% (60 and 25 K), and, the worst, 4.7% (250 K, only three
reflections). The structure of KHs maintained throughout
the whole temperature range (space groupn®m) with

the K atom in Wyckoff position 1b (1/2, 1/2, 1/2) and the B
atom in Wyckoff position 6ex, 0, 0) k ~ 0.3018). The
sample is slightly under stoichiometric in K. The temperature
dependence of the structural parameters of; KBsum-
marized in Table 1.

The Bragg reflections are broadened with respect to the
instrumental resolution function. The isotropic size and strain
Lorentzian-like parameters were refined. The average crys-
tallite size oscillates between 450 nm (between RT and 75
K) and 480 nm (at 60 K and below), which are consistent
with the particle sizes estimated from the SEM picture of
Figure 2. The maximum strain is around 6610 (above
75 K) and 7.0x 10* (below 60 K). There is a slight
broadening below 70 K, which may be related to changes
in the cell parameter and magnetostriction effects. The
changes in cell and size/strain parameters are quite small

The variation of the cell parameter as a function of
temperature is shown in Figure 12. Between RT a7@ K
the dependence of the cell parameter on temperature is usua

temperature. Below~70 K, however, the cell parameter
shows an unusual temperature dependence. The variation
of the B—B and K—B distances as a function of temperature
are summarized in Table 3. As the temperature is lowered
from RT to 25 K, the B octahedron contracts gradually (i.e.,
BB2 decreases gradually). However, the B and the inter-
octahedron BB1 distances exhibit a minimum around 60 K,

as does the cell parameter. These findings strongly support

that the hysteresis in the magnetic susceptibility and EPR
susceptibility observed below 100 K is a bulk phenomenon.

4982 Inorganic Chemistry, Vol. 43, No. 16, 2004

functional theory (DFT) using the augmented plane wave
plus local orbitals (APWA l0) method, implemented in the
WIEN2k code?® For the exchange-correlation potential the
generalized gradient approximation (GGAyas employed.
APW + lo calculations were carried out using the experi-
mental crystal structure, muffin-tin radii of 2.0 and 1.63 au
for K and B, respectively, and cutoff paramet&g.x = 14

and RKyax = 7.0. A 56 k-points mesh was used for
integrations over the irreducible wedge of the cubic Brillouin
zone. We also calculated the electronic structures of KB
with the extended Hekel tight-binding (EHTB3®**method
using the atomic parameters listed in Table 4, where the B
2s/2p orbitals are represented by doubBlater type orbitals
and the K 4s/4p orbitals by singeSlater type orbitalé?
After verifying that the EHTB method reproduces the
electronic structures obtained from the first principles
calculations, it was used to analyze the nature of the band
structures around the Fermi level on the basis of orbital
interactions.

As discussed in section 3, the physical properties of KB
indicate that KRB is not a normal metal but it has localized
electrons. A system with partially filled bands can be a metal
but is subject to electron localization induced by electron
electron repulsion (MottHubbard localizationj® by random
potential (Anderson localization) associated with lattice
defects?* or by electror-phonon coupling as found for
polaronic state$® Electron localization causes the extent of
the electron wave function to have a finite length. If this
localization length is short, the electrons are strongly
localized so that the system behaves as an insulator, its charge
transport occurs through hopping, and its resistivity increases
fstrongly with decreasing the temperature. In a weakly
disordered system, however, the localization length can be

gfong and even longer than the inelastic scattering length. In

?3)6) Blaha, P.; Schwarz, K.; Madsen, G. K. H.; Kvasnicka, D.; Luitz, J.
An augmented plane wa plus local orbitals program for calculating
crystal propertiesUniversity of Technology: Vienna, Austria, 2001;
ISBN 3-9501031-1-2; WIEN2k, http://www.wien2k.at.

(37) Perdew, J. P.; Burke, S.; Ernzerhof, Fhys. Re. Lett. 1996 77,
3865.

(38) Whangbo, M.-H.; Hoffmann, Rl. Am. Chem. Sod.978 100, 6093.

(39) Our calculations were carried out by employing @&ESARprogram

package (Ren, J.; Liang, W.; Whangbo, M.€tystal and Electronic

Structure Analysis Using CAESARorth Carolina State University:

Raleigh, NC, 1998; http://chmwva.chem.ncsu.edu).

(40) Clementi, E.; Roetti, CAt. Data Nucl. Data Tabled974 14, 177.
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Figure 13. Fat band representations of the dispersion relations of the orbitals, calculated by the APW lo method.
electronic band structure of kR alculated by the APW- o method (top: )
boron character. bottom: potassium character). The size of the spots for K \

has been magnified by 6 to account for the stoichiometry and to emphasize
the almost pure boron character of bands in this energy rdhge(0, O,
0), X = (a*/2, 0, 0), M = (a*/2, b*/2, 0), andR = (a*/2, b*/2, c*/2).

this case the system acts as a disordered metal so that its
resistivity increases slowly with decreasing temperature. To
see if electron localization in KBoriginate from a Mott 104
Hubbard localization, we carried out spin-polarized electronic
band structure calculations for KRising the APW+ lo > S

. . . r X M r R M
method as a function of the cell parameter at the fixed spin Figure 15. Dispersion relations of the electronic band structure o KB
momentsM of 0.0, 0.5, and 1.Q«s/FU. obtained by EHTB calculations.

5.1. Comparison between First Principles and EHTB

Calculations. The band dispersion relations and the density z- ando-bonding levels, the-bonding levels are generally
of states of KRB, calculated by the APW lo method, are  placed higher in energy than they ought to be.
shown in Figurs 13 and 14, respectively. The top of the 5.2. Nature of the Valence BandsTo gain insight into
valence bands and the bottom of the conduction bands occuthe electrical and magnetic properties of (B is necessary
at X with a band gap of approximately 1.2 eV. The top to examine the orbital compositions and chemical bonding
portion of the valence bands is dominated by the B 2p leading to its partially filled bands. For this purpose we start
orbitals, and the bottom portion of the conduction bands hasfrom chemical bonding considerations and make use of
some contributions from the cations. The valence bands areEHTB calculations. This approach is justified because the
partially empty for KB with 19 valence electrons/FU so that electronic band structures of kBobtained from EHTB
hole carriers are present in ikBrigure 15 shows the band calculations are quite similar to those determined by the first
dispersion relations calculated for KBising the EHTB principles calculations.
method. The overall band dispersions of ¢dbtained from There are two sets of group orbitals of &ctahedra that
EHTB calculations are quite similar to those obtained by contribute to the valence bands of KB\s shown in Figure
the APW+ lo method. A noticeable difference between the 16a, one set consists of three degenerate tangertiahding
first principles and EHTB calculations is the energy of the orbitals (i.e.,ox, oy, andoy,) contained in the Bsquare
top of the partially empty bands &tandR: this band top planes. In each pair of diagonally opposite corners of,a B
at R lies lower than that afl’ in the first principles square plane, the B 2p orbitals have opposite signs in these
calculations, but they are nearly the same in energy in thegroup orbitals. Figure 16b shows the other set of three
EHTB calculations. The latter is due essentially to the well- degenerate-nonbonding orbitals (i.e.,xnny,, and n) lying
known deficiency of the EHTB method that, for systems with on the x-, y-, and z-axes. The group orbitals of asB

Energy (eV)
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Figure 17. Schematic dispersion relations of the valence bands af KB
(a) the bands resulting from the three tangentiddonding orbitals; (b)
those resulting from the three tangentigbonding orbitals and three degen-
eratec-nonbonding orbitals. The wave vector poiftefers to (0p*/2, 0).

n, ny n, _ S
andz-bonding along the- andy-directions atM = (a*/2,
b*/2,0). Though not shown in Figure 17a, this band is almost
dispersionless along the—Z direction, whereZ = (0, 0,
c*/2), becauser,, group orbitals have very weak-interac-

(c) tions along that direction. Thus, as the wave vector varies
along one of the&*-, b*-, and c*-directions, two bands show
strong dispersions with the remaining one nearly dispersion-

Ty Tz Ty, less.

Figure 16. Group orbitals of a Boctahedron leading to the valence and Figure 17b depicts the disperSion relations of the top six
conduction bands of K8 (a) three degenerate tangentidbonding orbitals; filled bands along th& — M line, whereR = (a*/2, b*/2,

(b) three degenerate-nonbonding orbitals; (c) three degenerat®on-  c+/2) At Rthe top three triply degenerate levels are derived
bonding orbitals. . . .
from the group orbitals ;n ny, and n, which lie above the

octahedron contributing to the conduction bands of K& next triply degenerate levels from the group orbitals ox,
three degenerate-antibonding orbitals (i.e.syy, 7y, and andoy,. The n, n,, and n bands become more stable as the
7,7 contained in the Bsquare planes as shown in Figure wave vector moves away frof to M and show the same
16c. In each pair of diagonally opposite corners of a4 B trend along other directions froR Thus, these bands have
square plane, the B 2p orbitals have an identical sign in thesea 3D character. With 19 valence electrons/unit cell insgKB
group orbitals. The-bonding orbitals (i.e gy, ox» andoy,) the three 2D bands (i.e., thwy, 0., andoy, bands) become
and o-nonbonding orbitals (i.e.,xnn,, and n) lead to the partially empty near the top, and so are the three 3D bands
valence and conduction bands of K&hd ther-antibonding (i.e., n, ny, and n bands).
orbitals (i.e.,myy, v, andmy;) to the conduction bands of 5.3. Spin-Polarized Electronic Band Structure. The
KBs. The nature of the valence bands is analyzed below. normal metallic state has no net magnetic moment/FU. The

Each type of the tangential-bonding group orbitals in  spin-polarized state with nonzeid represents the ferro-
Figure 16a gives rise to-interactions in the two orthogonal = magnetic metallic state that has the net magnetic moment
directions of the group orbital plane but to a very weak M/FU, as can be seen from Figure 18, which shows the DOS
mr-interaction along the direction perpendicular to the group plots of the up-spin and down-spin states calculatedvfor
orbital plane. For example, thg, orbitals lead tor-interac- = 0.5 ug/FU. The variations of the total energies of KB
tions along thex- and y-directions but to a negligible FU as a function of the cell parameter are summarized in
mr-interaction along the-direction. To a first approximation,  Figure 19, where the relative energies of the total energies
therefore, three essentially 2D electronic bands result from were given with the normal metallic state taken as the energy
the three tangential-bonding group orbitals. For conven- reference. The calculated cell parameter lies within 1% of
ience, these bands resulting from thg oy, andoy, orbitals the experimental value and does not depeniloifihe spin-
will be referred to as the,y, oy, andoy, bands, respectively.  polarized state is less stable than the normal metallic state.
Figure 17a shows the schematic dispersion relations of theNevertheless, the energy difference between the spin-
three bands. In each tangentiabonding orbital, the B 2p  polarized and the normal metallic state is very small for small
orbitals located at the diagonally opposite corners have M but increases sharply with increasiivg

opposite signs. Consequently, between adjacectusters, Our spin-polarized and non-spin-polarized electronic band
the oy, band for example has-antibonding along thg- and structure calculations show that KB most stable in the
y-directions af” = (0, 0, 0),7-bonding along the-direction, normal metallic state, which is inconsistent with the results

but z--antibonding along thg-direction atX = (a*/2, 0, 0) of the magnetic susceptibility, EPR, and NMR measurements.
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Figure 18. DOS plots of the up-spin and down-spin states calculated for
KBg using spin-polarized APW- lo band structure calculations under the
constraint ofM = 0.5 ug/formula weight.
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Figure 19. Variations of the total energies of igBormula unit calculated
by APW + lo band structure calculations as a function of the cell parameter,
for the nonmagnetic case and for two solutions with constrained magnetic
moments.

Therefore, the MottHubbard localization is not responsible
for the electron localization in K8 A probable cause for
the electron localization in KBwill be discussed in section
6.

6. Discussion

6.1. Electron Localization and EPR SignalskBg would
be a normal metal if electron localization is absent. The
magnetic susceptibility and EPR spectra @kiBs show that
it is not a normal metal but has localized electrons. The NMR
spectra of K¢Bs are also consistent with this view. Our
electronic band structure calculations indicate that a Mott
Hubbard localization is not responsible for the electron
localization in KBs. It should be noted that the electronic

band structure calculations assumed no local distortions in
KBs and a stoichiometric sample, whereas the sample is

slightly nonstoichiometric, with a significant effect on the
1B NMR signal. We now discuss the occurrence of electron
localization in KB from the viewpoint of local electron
phonon interactions leading to bipolardfis.

It is noted that the three valence bands resulting from the
group orbitalsyy, 0y, andoy, are narrow. The bands resulting

I
@)

RO

Figure 20. (a) Schematic representation of a spin dimgg{oyy), (Ox—
Oxz), Or (0yz—0y;) in KBe. (b) Nodal properties of the bonding and
antibonding orbitals of a spin dimer.

from the group orbitals ,;n n,, and n are slightly empty,
which can be assumed to be completely occupied for the
sake of simplicity. Then, KBhas five electrons/FU to fill
the threeoy, oy, andoy, group orbitals. Therefore, each B
octahedron can adopt one of the three localized electron
configurations, i.e., dx) (0x)%(0y2)? (0x)*(0x)*(0y2)? and
(0x)*(0x)*(0y)*, and is hence subject to a weak Jafieller
(JT) instability. The latter should be weak because the
occupancy of the triply degenerate level is far from half-
filling. From the viewpoint of this local electronic structure,
each B octahedron can have one unpaired spin. However,
most spins of the Boctahedra in a spin bag are paired up.
Thus, it is important to account for why this is the case. The
spins of two adjacent Boctahedra can be antiferromagneti-
cally coupled to form a singlet spin pair if their magnetic
orbitals are identical in symmetry and hence overlap
substantially*® Such a spin dimer is schematically depicted
in Figure 20, where eachg®ctahedron is represented by a
heavy dot (Figure 20a). The overlap between the two
magnetic orbitals will lead to bonding and antibonding levels
(Figure 20b). With two spins/spin dimer, the bonding level
is occupied while the antibonding level is empty, which leads
to no unpaired spin. Such singlet spin dimers may be
represented byoty—0yy), (0x—0x2), and @y,—oy,) depending
on the symmetry of the magnetic orbitals involved. Such a
singlet spin dimer can be further stabilized by a local
distortion around it induced by the weak JT instability. The
resulting singlet spin dimers are then bipolarénSuch a
spin pairing can occur in all three directions of a crystal
particle without any long-range order.

6.2. Spin Pairing and EPR Signals.The “nucleation”
for spin pairing can take place simultaneously at many
different parts of a crystal particle. This will leave a small
number of “isolated” B octahedra (i.e., spin monomers) with
no partners to form spin pairs as well as structural units made

(41) Whangbo, M.-H.; Hoffmann, Rl. Chem. Phys1978 68, 5498.
(42) Ammeter, J.; Bigi, H.-B.; Thibeault, J.; Hoffmann, R.. Am. Chem.
Soc 1978 100, 3686.

Whangbo, M.-H.; Koo, H.-J.; Dai, 0. Solid State Chen2003 176,
417 and references therein.

(43)
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these oligomers as well. However, spin trimers are more
1 2 3 likely to occur than longer spin oligomers, as discussed
below.)

6.3. Local Strains and Hysteresis.The spin pairing
between adjacentdctahedra in KBleading to singlet spin
pairs must cooperate with local JT distortions, which
necessarily introduces strained local regions in the lattice.
Since KB has an isotropic 3D lattice, the strain should be
evenly distributed in three directions. Consequently the size

of a spin-paired structure should be limited. In principle, one
might imagine larger spin singlet units involving even
number of B octahedra, e.9.04,—0yxy—0xy—0xy), (Oxz—0xr—

Oxz—0yz), and @y,—oy,—0oy;—0y;). However, such units would
introduce a stronger local strain and hence would be
energetically unfavorable.
Since each Boctahedron is connected to six neighboring
Bs octahedra by the interoctahedron-B bonds, a JT
(b) disto_rtion_of aB octahedron s_hould affect the nature of the
Figure 21. (a) Schematic representation of a spin triMmg £oxy—ox) JT distortions in thg nelghb'orlng'GB)ctahedra. Thls would
(Gxr—0xz—0x2), OF (0, 0y—0y7) in KBs. (b) Nodal properties of the bonding, ~ lead to a cooperative JT distortion to a certain extent and
nonbonding, and antibonding orbitals of a spin trimer. hence to a distribution of stress in the crystallites. The slow
) ) o ) relaxation process may be related to the formation and
up of three consecutivegictahedra in one direction (i.e.,  gestruction of spin paired units and hence to a redistribution
spin trimers) (Figure 21). If an unpaired spin resides in one ¢ giress. The hysteresis in the magnetic susceptibility and
of the oy, 0y, andoy, orbitals of a B octahedron, the spin gpR gusceptibility observed below 70 K should be related

density is equally shared among four boron atoms in eachq o\ the distributions of the spin paired units and depend
Bs octahedron. The analysis of the areas of the narrow EPRy, the thermal and magnetic history of the sample. The unit

peak below 60 K shows that the temperature dependence ofg|| parameter of KB exhibits an unusual temperature-
the narrow peak follows the CurieVeiss law. Therefore,  gependence below 70 K. This behavior may reflect the effect

we assign the narrow EPR signal to a spin localized in one qf the stress distribution associated with local JT distortions.
Be octahedron. A spin trimer, in which the magnetic orbitals ¢ 4. Spin Pairing and NMR Signals.XB NMR shows

of the three adjacentgbctahedra have the same symmetry, 1y signals with some distributions. On the basis of the spin-
may be represented byx(—0x—0x), (0xx—0=0x), O (0y7~  paring mechanism described above, one might wonder if the
0y;—0y;) depending on the symmetry of the magnetic orbitals 1,5 NMR signals are related to the two EPR signals. As

involved. In such a spin trimer (Figure 21a), the three giready discussed, it is reasonable to regard two different
magnetic orbitals overlap to form bonding, nonbonding, and 115 MR signals as reflecting the presence of different boron

antibonding orbitals (Figure 218).With three spins, the  41oms in their Fermi contact shift, i.e., the presence of boron
bonding level is completely filled and the nonbonding level 515ms with different amounts of electron transfer from the

is singly filled. By symmetry this singly filled level has g\ rrounding K atoms. The latter is possible becausg KB

nonzero orbital component only on the end twooBtahedra,  samples contain K vacancies. As for the EPR, the spin-pair
as shown in Figure 21b. The centers of the end ™0 B formation and breaking should be dynamic in an ideal

octahedra in a spin trimer are separatecdM85 nm, and  gjyation, and the resulting rearrangement should be very
the outermost B atoms of the end twgd®tahedra byvl.lp rapid on the NMR time scale (approximately $@) so that

nm. These distances are of the order of the average distance,e two kinds of boron species observed by EPR cannot be
between adjacent spins (i.e., 1.0 nm) estimated fromhthg distinguished by NMR. However, as discussed above, this
value (310 G) of the broad EPR peak. The temperature- roarrangement is relatively slow due to the necessary
independence of thaHy, value can be readily explained if o gistribution of stress in the sample. The presence of K
spin trimers are responsible for the broad EPR peak, becausgacancies should, therefore, influence both the patterns of

the distance between the spin-carryingdstahedra in each  he gpin pairing and the speed of the rearrangement process.
spin trimer remains constant regardless of how many spin

trimers are present in a spin bag. (For longer linear oligomers7. Concluding Remarks
such as pentamer and heptamer, which are composed of an With 19 valence electrons/FU, the valence bands of KB

odd r]umbgr of B octahedr.a, the unpaired spin is al§o are partially filled so that KBis predicted to be a normal
Comﬁ'”e‘?' in the nonbonding level that has no or.b|tal metal by electronic band structure calculations. However,
contn!ot_mon on every secondsBctahedron. Thus, SPIN" * the electrical resistivity of KBshows that it is not a normal
containing B octahedra are separated by about 1.0 nm in metal. The magnetic susceptibility and EPR measurements
(44) Albright, T. A.; Burdett, J. K.; Whangbo, M.-+Orbital Interactions reveal that KB has localized electrons, which is supported
in Chemistry Wiley: New York, 1985. by the NMR measurements. The occurrence of electron
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localization in KB is not explained by a MottHubbard process. The latter should be related to the formation and
localization but by local electrenphonon interactions lead-  destruction of spin paired units and hence to a redistribution
ing to bipolarons. The occurrence of singlet spin dimers in of the stress arising from local distortions associated with
KBs can be understood in terms of the weak JT instability the spin pairing. The unusual temperature dependence of the
of the Bs octahedra that arises from their localized electron unit cell parameter below 70 K should reflect the effect of
configuration §yy) (0x)%(0y2?, (0x)(0x) (0y2)?, OF (Ox)(0x)*- the stress distribution.

(0"

The EPR spectra of KBexhibit one broad and one narrow
overlapping peak. Our analysis indicates that the narrow
EPR peak arises from a spin present in the magnetic orbita
Oxy, Oxz, O 0y, Orbital of one B octahedron, while the broad
EPR peak arises from a spin delocalized in a spin trimer
(0xy—Oxy—0xy), (Oxz—Oxz—0xz), OF (0y,—0y,—0y7). Such a spin
trimer has one unpaired electron in the nonbonding orbital
that has nonzero orbital coefficients only on the end two B o - T
octahedra. The distance between the centers of the end twd'2"s 'Environnement et en Cr_nm|e), U”'Ver?""e Bor.d(_agu.x
B octahedra is of the order of the average distance between: We gratefully thank D. Massiot and P. Florian for initiating
adjacent spins estimated from thé,, value of the broad the NMR work a;CRMHT.”(Oﬂans% France), J"M]; Bashs"’!"
EPR peak. This assignment explains why the line wilth, R. Dgcourt, an B. Guillaume from ICMCB for their
of the broad peak is independent of the EPR frequency. technical gssstance, and L. C Brune_zl, J. van T(.)l’ and A.

The temperature-dependence of the magnetic and EPROzarqwskl at NHFML for assistance in quasi-optical EPR
susceptibility curves of KBshow a prominent hysteresis experiments.
below 70 K, and this hysteresis involves a slow relaxation 1C049444C
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