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Indirect nuclear exchange coupling and electronic structure of the chain semiconductor TISe:
A 293T] and 2%°TI NMR study
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We report an NMR study of the indirect nuclear exchange coupling, electronic structure, and wave-functions
overlap in the single crystal of semiconductor TISe which has a chain structure and comprises two kinds of Tl
atoms, T and TP*. Strong exchange coupling among the spins df Tand TF* ions, which reside in
neighboring chains, is observed. This interaction is significantly stronger than the exchange coupling of the
equivalent atoms within the chains. Such an interchain coupling is realized due to the overlap df taadTl
TI®* electron wave functions across the intervening Se atom. The aforementioned wave-function overlap is the
dominant mechanism in the formation the uppermost valence bands and lower conduction bands in TISe and
determines the electronic structure and the main properties of the compound.
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I. INTRODUCTION lent thallium ions occupy two crystallographically inequiva-
lent sites. The Fi" cations form covalentgp®) TI-Se bonds
Chain and layered TM(II)X, (M=Tl,Ga,In, X and are located at the centers o?*lSeﬁ_ tetrahedra, which
=Se, S, T¢ semiconductors are of great interest because oére linked by common horizontal edges and form linear
their low dimensionality, photoconductivity, and potential chains along thec axis. The T#"-Se distance, 2.67 A, is
applications for optoacoustics and optoelectronics. Recertiose to the sum of the covalent radii of {.49 A) and Se
2031] and 2°°TI nuclear magnetic resonan@MR) studies of ~ (1.17 A), respectively, the Se-TI-Se angle is 115°. Each uni-
chain TIGaTe and layered Tling TIGaS, TIGaSe, and valent TE" cation is surrounded by eight chalcogen atoms,
Tl,Te; semiconductors revealed strong indirect nuclear spinwhich form slightly deformed Thomson cubes that are
exchange couplings between Tl isotopes, due to significargkewed by a small angle. Columns of Thomson cubes with
interchain(in TIGaTe) or interlayer(in TIMX, and ThTe;) common square faces are parallel to thaxis and alternate
overlap of the thallium electron wave functions across thewith the columns of the aforementioned? T8¢~ tetrahedra.
interveningX atom!~2 Such considerable overlap affects the Ti1*-Se distances are 3.43 A, a little shorter than the sum of
physical properties of these compourids this paper, we the ionic radii of TH (1.73 A for coordination number)8
report the NMR study of the indirect nuclear spin-exchangeand Sé (1.84 A). The TE-TI*", and TB-TI®* distances
coupling, electronic structure, and wave-function overlap inin the chains are 3.49 Awhile the distances between these
the semiconductor compound TISe, which has a chain strucitoms in the(001) plane are 5.67 A. Each T ion has four
ture and comprises two kinds of Tl atoms, namely'Tand  T|3* neighbors at 4.01 A in the, b plane, and, in reverse,
TI®*. Single crystal of TISe was used for the measurementseach T#* ion has four TH* neighbors at the same distance.
Strong exchange coupling among the spins ¢f End TF*  Projection of the TISe structure on t@01) plane is shown
ions, which reside in the neighboring chains, is observedin Fig. 1.
This interaction is significantly stronger than the exchange Electrical transport study and optical measurements have
coupling of the nuclei of the equivalent atoms within the shown that TISe is a semiconductor with the energy gap
chains. Such an interchain coupling is realized due to théneasured by different authors as 0.6 to 1.0 eV at 30F K.

overlap of the TI* and TP* electron wave functions across Sugaiké measured the anisotropy of the electric conductivity
the intervening Se atom. The aforementioned wave-function

overlap is the dominant mechanism of the formation of the 0] O
uppermost valence bands and lower conduction bands in 1/4, 314
TISe and determines the electronic structure and the main O . 12 O
properties of the compound. Oo O .
O O 1n O O
‘ O . 114, 314
II. CRYSTAL STRUCTURE AND ELECTRICAL
PROPERTIES OF TiSe @) o° O, O o
172 "
The crystal structure of TISe belongs to the tetragonal O O, O m
symmetry, the space group Iisiﬁ-l4/mcm, and the lattice o . O . T
parameters ara=b=8.02A andc=6.79A, Z=43° TISe o o O se
is a mixed-valence compound. Its formula should be more
accurately written as TTTIQ‘*Se‘Z". The trivalent and univa- FIG. 1. Projection of the TISe structure on t@91) plane.
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of TISe and reported that it is metallic in ti@01) plane and The cubic symmetry of the TI site in TICI yields a rather
semiconducting along the axis. Abdullaevet al,’® who  narrow line Av~5 kHz), which is easily detectable. In our
studied resistance and magnetoresistance of TISe single crysieasurements, the aqueous solution gNT;) showed the
tals at 1.3 to 300 K, also observed a difference in resistivity’°®T| resonance at 196.9360 MHz in,88.0196 T, and the
in two directions, i.e., parallel and perpendicular to the position of the 2°T| signal of powder TICI was at
axis, in particular at low temperatures, from 1.3 to 5 K. How-197.010 153 MHz.

ever, this difference varied from sample to sample, showing

poth p(fpi andp”<pi| cases. A “_rgeta(ljllc” bheh‘."‘v'or*_Ob' IV. INDIRECT NUCLEAR EXCHANGE IN SOLIDS—
332{?\/”;’” some samples, was attributed to the |mpUr|ty con- THEORETICAL BACKGROUND

Indirect coupling of two neighbor nuclei is realized across
their overlapping electron clouds. This couplingsl4l,, is
bilinear in two nuclear-spin moments, and its size can be

The single crystal of thallium selenide under study has astimated from second-order perturbation theory. Van Vleck
form of a parallelepiped of the size of ¥5x 2 mm withits  has showl? that like and unlike spins yield different contri-

c axis along the longest edge of the parallelepiped; two othepution to the second moment of the NMR line,
edges were along andb axes.

Room-temperatur€?T| and 2°°TI NMR measurements of =, =
the single crystal of TISe were performed using a Tecmag S= jo vii(v)dy fo f(v)dv,
pulse NMR spectrometer. The main experiments were car-
ried out in the external magnetic fiel@s=1.23 and 8.0196 where the numerator can be represented as
T (the corresponding resonance frequencied’sfl isotope
are 30.3 and 197.4 MHzusing a Varian electromagnet and c 1 [+ )
an Oxford superconducting magnet, respectively. Some ad- fo vef(v)dv= Ef_w ;’ v¥(all,|b)(b|l,|a)
ditional measurements were madeBig= 0.445, 0.62, 0.785, ’
and 1.015 T, corresponding to tR&TI resonance frequen- X 8(Ea—Ep—fiv)dy
cies of 10.93, 15.23, 19.29, and 24.94 MHz, respectively.

The Hahn echos/2— 7— 7 pulse sequence with phase cy- _ iTr{[H 112 %)
cling was used with a repetition time of ;. At low- 243 T

magnetic field ther/2 pulse length was 3.4s, while at high ) ) ) ) o
field, the #/2 pulse length was 3.%s for a cylindrical coil ~ Wheref(v) is the line shape anid is the spin Hamiltonian of
and 5.5us for a saddle coil. the system. For identical nuclei, the exchange tdgph; 1,

In high-magnetic field, thallium NMR spectra cover a commutes with,=1,,+1,,, and therefore has no effect on
range of several hundred kHz and cannot be excited by e second moment but does increase the fourth moment,
single 7/2 pulse. Thus, the frequency was swept in stepgiving rise to exchange narrowing of the central part of the
ranging from 7 to 15 kHz, and the amplitude of the resultingresonance line. If the two nuclei are not identical, one can
Hahn echo was plotted versus the frequency. For compar@Pproximate the exchange couplingag 1,1 2,, which does
son, the maxima of the Fourier transform of the Hahn echoeB0t commute withl,=1,,+1,, and, therefore, increases the
showed the same line shape. In the low-field case, the wholgecond moment. Thus, in the crystal that contains two differ-
spectrum was obtained from the Fourier transform of theent types of atomsor isotopes having spinsl and|’, the
Hahn echo. The number of scans usually extended frorgxchange contribution to the second moment of the
2048 to 5600 forr°°TI and from 48 000 to 160 000 foi°3TI unprimed spins, which are assumed to be responsible for the
in low-magnetic fields, while in 8.0196 T the number of resonance absorption at the wave length being utilized, is
scans was from 480 to 4096 fdP°Tl and from 2048 to given by
20480 for P11, respectively.

To study the angular dependence of the NMR spectra in 1 2
low-magnetic field, the single crystal was placed into a cy- 52:§| (1 +1)§ ik )
lindrical coil and rotated around the vertical direction,
achieving all 8q,c) angles between 0 and 90°. In high- with the sum on the primed spins only. Therefo®, is
magnetic field, we used both a common cylindrical coil ori- proportional to the abundance of the primed isotopes. The
ented perpendicular to the applied magnetic-figjdto mea-  consequence of the Van Vleck’s theory is that the ratio of the
sure the spectrum fdL c), and the saddle coibf the size  second moments of two different isotopes is inversely pro-
of the crystal that was tilted at different angles with respect portional to the ratio of their natural abundances. For thal-
to By, holding the radio frequency fiel; 1 B,. lium, the natural abundances afe=29.5% for 2°°T| and

Thallium NMR shifts are given relative to an aqueous(1—f)=70.5% for2°°Tl, which makes the aforementioned
0.002 mol dm*® solution of TING;, the position of which is  effect readily observable. The first experimental evidence of
assigned to the value of 0 ppthin our measurements, we such an effecfin TI1,03) was reported in the classic paper of
used a 0.3 mol di? aqueous solution of TNO3) and TICI  Bloembergen and Rowland;then it was observed by the
powder[ 5=+ 383 ppm(Ref. 11)] as secondary references. other authorge.g., Refs. 14, 15

IIl. EXPERIMENT

@
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FIG. 2. Room temperatur@®Tl and ?°°TI NMR spectra at reso- Frequency (MHz)

f 30.3 MH t dB bottom).
nance frequency z ariiplc (top) andBol ¢ (bottom FIG. 3. Angular dependence of room temperattffdl NMR

For TISe, the aforementioned exchange coupling amongPectra at resonance frequency 197.4 MHz.

205T| and 29Tl isotopes is expected for structurally equiva-

|ent Tl atoms in Chains_ Nuc'ear exchange Of ma"_ZO&n the SinglezoaTl and 205T| resonances were obtained in all
and 293T1-299T| types would lead to the exchange narrowing orientations ofB, with respect to the axis at resonant fre-
of the corresponding resonances, while fr1-205T| ex- ~ quencies up to 30.3 MHZFig. 2. This fact allows us to
change coupling would yield the second moment increasgUggest a strong exchange interaction between nuclei'of Tl
(i.e., broadeningof both 2°3T| and 2°°T| resonances. Besides and TP* ions that leads to a collapse of their resonances.
this effect, we also expected to observe nuclear exchange This assumption is readily supported by the high-field
interaction between the spins of Tl isotopes of structurallyNMR measurements. Room-temperattitell NMR spectra
inequivalent TH and TP* ions, which reside in neighboring ©f the single crystal TISe at frequency 197.4 MHz are given
chains. We hoped to resolve the resonances of these ions By Fig. 3. At Bgllc, the **°TI spectrum shows two separate
means of measurement of a single-crystal sample in higHines attributed to the I and TF* ions. When the applied
magnetic field, when the difference in chemical shifts of eachnagnetic fieldB, is tilted from thec axis, two lines move to
isotope, belonging to the Tl and TP" ions, would exceed €ach other and finally collapse @¢B,,c)~55°. Such a be-
the exchange coupling between them. In such a case, dmavior is characteristic for the exchange interaction between

nuclei are unlike ones, and line broadening is expected ndhe nuclei at inequivalent sites. Thus, we conclude that be-
only for 29°71-2%5T| but also for 2°°TI-2°5T| and 2°371-20%T] sides the common intrachain TI-TI exchange interaction, the

exchange interactions. exchange coupling between nuclei of structurally inequiva-
lent TH* and TP ions, which reside in neighboring chains,
V. RESULTS is realized in TISe. We note that tR€°TI linewidth atBylic

is larger than that &, ¢ (Fig. 3 by a factor of 2.5. This is
pue to an additional broadening caused by the interchain
exchange coupling, which likely dominates over the intrac-
hain one.

The tetragonal symmetry of the thallium sitésshould
correspond to an axially symmetric chemical shielding
tensor,

Room-temperature thallium spectra of the single-crysta
TISe at frequency 30.3 MHz fdlic andBgyL ¢ are given in
Fig. 2. ForByL ¢, both 23Tl and 2°°Tl isotopes show single-
symmetric Lorentzian-like resonances with the second mo
ments S,=150+7 and 36016 kHZ for 2°°TI and 23T,
respectively. The values @&, are more than two orders of
magnitude larger than the contributions of the dipole-dipole o=0i+[(o—0,)I3]1X(3 cog 6—1). (4)
interactions of nuclear spins, estimated from the structure of
TISe asS,gq4~1 kHZ. It means that another mechanism de-Here, ; is the isotropic part of the chemical shié; ando
termines the line shape. The essential difference in the se@re parallel and perpendicular components of the shielding
ond moments of two thallium isotopes, together with thetensor, andd is the angle between the applied magnetic field
Lorentzian line shape, readily indicates that the strong exBo and thec axis. As seen in Fig. 3, wheB, is applied
change interaction betweer®Tl and 2°°T| nuclei is along thec axis, the **Tl spectrum shows two lines at
dominant®13 The ratio of the second moments of two dif- 197.2215 and 197.5152 MHz, corresponding to the chemical
ferent Tl isotopes for Bolc was found to be shifts of 1457 and 2950 ppm relative to the liquid TINO
S,(TI1299/S,(TI2%9 =2.4. This value is close to the recipro- The chemical shift of the low-frequency line is close to the
cal ratio of their natural abundances(1)(TI%9/f(TI2%  value of;=1780 ppm of Tt* ion in the isostructural com-
—2.39, showing the value characteristic for the exchang@ound TIGaTe (whose formula is written as T1G&"Te}")
coupling among Tl nuclei. Moreover, instead of two lines for (Ref. 1) (Fig. 3). Thus, this line is attributed to the signal of
each isotope expected for the two structurally inequivalent®TI* ions in TISe, witho (TI**)=1457 ppm. The position
sites occupied by the trivalent and univalent thallium iofis, of the high-frequency resonance is typical fofT(for in-
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stance, solid TIGl shows o= +2458 ppm(Ref. 1] and, 100000
thus, this line was attributed to the signal ¥FTI®" ions, 1
: 3+ —~ 80000
with o (TI®*)=2950 ppm. Because of the collapse of Tl <
and TP* lines atB, L c, the perpendicular components of the E 60000
shielding tensors of nuclei of T and TP* ions, o, , cannot 1
be determined. We note, however, that 8yl c the line- o
width is practically field independerid »=13.1 and 13.4
kHz in magnetic fields of 1.23 and 8.0196 T, respectiyely

obs(

40000

20000 -

(V1'V3)

showing that the values ef, (TI**) ando, (TI®") are close of n® N

to each other. Thus, they were both taken at the resonanc 4400 -

position forBgl ¢ at 197.1297 MHz, asr;, =990 ppm. We )

note that the value of, (TI**) in the isostructural TIGaTe -40000 — ———————————

is 1264 ppmt From the above data, one can find the isotropic 0 20000 4°°°°2 6°°2°° 80000 100000
parts of the chemical shiftso;(TI'")=1145ppm and 8" (kHZ')

oi(TI®")=1640 ppm, corresponding to the frequencies of

19|7f'160 an? 197.258 I'IVIHZ’ rgspectwfelz. dinole-diool dseparation between two peaks, € v3)?.ps 0f 2°°TI NMR spectra
we neglect a small contribution of the dipole-dipole an (v9=197.4 MHz) on the squared separation without exchafige

pseudo-dipole interactions, the Hamiltonian of the system., .. jated from Eq(7).
under study will include Zeeman and scalar exchange terms
and will be given as

FIG. 4. Dependence of the experimentally observed squared

0=(0i3— o) +{[(og— 03 )~ (oy—01,)]/3}

A X (3 cog 6—1), (7
H:_Vzost"Bo(Z i+ llzljl)
! ! whereo; ando; belong to the ™" and TP, respectively.
All experimental spectra may be analyzed in terms of the
+3112 h'l} theory of the effect of exchange processes on NMR
bl spectrat®=2° Usually, this theory is applied for the study of
chemical exchange, when a random jumping of the fre-
+3g 1M 3> 1 (5)  quency from one value to another is realized due to a jump
Ll L] of a nucleus between two inequivalent sites belonging to one
or the other of two molecules. In our case, the “motion” of
Here, y,03 and y,o5 are gyromagnetic ratios of’’Tl and  spins is produced by spin-spin exchange interaction. The
205T| jsotopes,J;; andJsz are the TH =TI and TB*—TI®"  high-field spectraFig. 3) show that for the large angles
exchange coupling constants in the chains aloraxis, re-  from 60° to 90°, the case af<Jq3is realized, while for the
spectively, andl,5 is the TF —TI®" exchange interaction small angles, 0& §<55°, we haves>J,5. The value of the
between the chains, in theb plane. Spind' andI" belong  “collapse angle” corresponds t/J;5=2,2,1"1®%%and thus,
to the TF and TP' (sites | and Il) respectively;h is the  using Eq.(7) and the values of chemical shifts given above,
Planck’s constant. As is well known, NMR spectra of ex-one can estimate the value of thé T+TI3" exchange inter-
change coupled nuclei strongly depend on the ratio of thaction asJ;3~38 kHz.

- ’}/20;180( E |Izi/+2 IIZIJ-I/
I/ j/

exchange constartand NMR frequency difference of two In the case of the “intermediate” exchange ralg; can
speciess.1*"2°Thus, the Hamiltonian Eq5) may be rewrit-  be found from the comparison of the separation between two
ten as maxima with the separation under conditions of slow ex-
change. The experimentally observed separation between
two peaks §;— v3)opsin this case &0
|:|=_V205h(2 i+ 2 ||z|j|>_v203h(2 ot 2 ||z|,-|/)
' ' ’ v (v1= va)aps=[ 8"~ 8333] 2 ®
+oxh 2 15 =2 10 | +oxh X 1L, - I'Z'j',) where & corresponds to the line separation calculated from
: ! i’ i’ Eq. (7) for 6=0. Figure 4 shows that the dependence of the
squared peak separations of the high-field spectra (
+3102, 1 +352 1M+ 11" (6) —v3)2s0n 8 is linear, in agreement with Eq8). The
) ) ) analysis of this dependence using E§) yields J;5=40.2
+6 kHz.
wherev,oz andv,os are the?*11 and 2°°TI NMR frequencies In the case of “slow exchange,” the value dfis rela-

averaged over the sites | and Ii§,is the NMR frequency tively small in comparison t@, so that the principal effect is
separation between sites | and Ill, ané yB,. In the case a broadening of the individual signals. This case is realized
in question, the separatiahis driven by the angular depen- in the high-field spectra a@lic (Fig. 3. From Eq.(3) the
dence of the Ti* and TP* chemical shifts given by 205T] second moments in the position | and IIl are
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FIG. 5. Dependence of th&°TI NMR line width on the reso-
nance frequency foBylic.

Sy(1)= 32+ (12)x 32,

Sp(lll) =335+ (2)x 33, 9

and should be close to each other if we assume Jhat
~Jgs. In this case, the exchange interaction of Tand TF*
spins is dominant, and therefore, the exchange narrowing of
the resonance line is absegsee Sec. Y. If we neglect the
contribution of intrachain exchange assuming thaJq,

and J,5>J33 (as mentioned aboyethe line profiles should

be nearly Gaussian with the same line widthé&®

Av (kHz)

0 500 1000 1500 2000
Av=2J5. (10 §° (kHZ®)

Experiment shows that fdlic, the T|1_+ and TP* lines are FIG. 6. Orientational dependence of tFETI NMR line width
almost Gaussian and their full line widths at half maximumy,, 5t 30 3 MHz(top) and dependence dfv on the square splitting
height are close to each othedv(TI™*)=72kHz and  spetween T and TB* resonances calculated using Ed). (bot-
Av(TI®")=84 kHz, yieldingd;s= 39+ 3 kHz, in good agree-  tom).

ment with the values a5 found above. Slight difference in

the linewidths may be assigned to a contribution of the indipole-dipole interaction to the linewidth, this broadening is
trachain exchange coupling, which is larger fot Tbecause proportional tos?, and since the populations of the sites |

of the presence of $-electron pair(see discussion in the and Il are equal ;= p,, = 1/2), the linewidth may be given
next section and, thus, yields some exchange narrowing. as

For 6=0, only exchange interactions with nuclei of un- )
like 2°°T1 and 2°°Tl isotopes contribute to the second moment Av=Avo+ v/ (4d13). (12

of N.MR specira. Sincer.i(ﬂﬂ)%“i(ﬂ%)’ su_ch acase is (We use here the field independent valuein units of
realized atByL c. Experiment shows Lorentzian line shape ppm, thus, the spacing between signals in frequency units is

(due to exchange narrowitfy with the full line width at half 5x v). Such a behavior is readily observed in the experi-
maximum heightA v,=13 kHz, which, as noted above, is o0 One can see from Fig. 5, that the dependence ain
.nearlly indep_endent @B,. The effective exchange constant the resonance frequency, measured Bgiic in the fields
in this case is frosm 0.445 to 1.015 Twhere the splitting between ¥l ar21d
_ (212 2 2\1/2 TI°" peaks is still not observeds practically linear inv®.
Jo= (2J3y+ 2J55t A1) D Erom this dependence, we founklvy=14.+0.6 kHz and
It may be determined using Ed3) from the values of §%/4J,;=14600-800kHz 1. The value of 5= (03— oy))
S,(?9%TI) = 150 kHz andS,(?°%Tl) =360 kHz atByL ¢, which ~ =1500 ppm is known from the chemical shielding measure-
yield the value ofJ;=45.1kHz. ments. Analysis of this dependence yields;=38.5
For smallJ/ § ratios (“fast exchange’), when two lines  *2 kHz. Moreover, using Eq%7) and(12), the correspond-
are collapsed, the additional line broadening is caused by thieg value ofJ;3; may be found from the angular dependence
exchange interaction of spins in position | and Ill. As shownof Av in low-magnetic field, as shown in Fig. 6. The spectra
in references’ 2% if we neglect a small contribution of at 30.3 MHz still does not show a splitting Bglic, indicat-
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ing that 5<J. The dependence afv on §° is linear and
yields Avy=13.0£0.4 kHz andJ,3=41.4+ 3 kHz.
One can see that the valuesJgf determined by different

PHYSICAL REVIEW B 63 195201

orbital overlap, since T orbitals span a large range. Such a
mixing of the T 6p orbital into the filled Tl & level was
predicted by Orgef®

ways, are consistent with one another, showing the correct- one can suggest that a delocalized Tés? electron pair
ness of the aforementioned model of nuclear exchange. Thg, g pe shared among the univalent and trivalent Tl cations

average value al,; is 39.4+ 2.8 kHz. Comparing this value
with Jo=(2J%,+2J%,+432)Y?=45.1kHz, and assuming

to guarantee the exchange coupling ot'Tion. Though for-
mally the TP* ion has a configuration &° covalent

that J; and J33 are equal, one can calculate the intrachainT|3+_Seef bonds with sp® hybridization are suggested

exchange constantl ;= J;3=21.9 kHz, which is only one-
half the value 0f)5.

VI. DISCUSSION

since the Ti"-Se distance in tetrahedra is close to the sum of
the covalent radii of Tl and Se. The presence of some portion
of the s electron at the FI" atom yields the electron-nuclear
hyperfine interaction and explains the indirect exchange cou-
pling of its spin.

As shown above, the exchange coupling among the spins We can conclude that T1-Se-TF* overlap would be re-

of TI** and TB' ions, which belong to the neighboring

flected in the formation of the valence and conduction bands.

chains, is significantly stronger than the exchange couplinghus, the Tl atoms play an important role in the establish-
of the equivalent atoms within the chains, though the disment of semiconducting properties of TISe.

tances between the equivalent Tl atoms in the ché3ng9
A) are shorter than the ¥M1—TI®" distances in th€001)
plane(4.01 A).>® Since the i —TI®" distance exceeds the
sum of the ionic radii of ™" and TP, the interchain ex-
change is evidently controlled by overlap of the''Tland
TI®* electron wave functions of the ¥-Se-TI*" type

across the intervening Se atoms. This overlap exceeds tl'b

corresponding overlap within the chains.
The band structure of the semiconductor under stud

Common wave functions of Tl and Se guarantee, vi
electron-nuclear hyperfine interaction, an effective correl

nuclear spins of atom& andB can be expressed as a product
of their hyperfine interaction constanty, and Jg and
squared overlap integral of the electron sh&li$2!

Jap=Ja X JgS?/AE. (13

a
tion of Tl nuclear spins. Indirect exchange coupling of the

Chemical shielding data readily support the aforemen-
tioned conclusions. As shown above, both univalent and
trivalent Tl toms show essential chemical shielding anisot-
ropy (CSA). For the spherically symmetricd5%s? and 51*°
electron configurations of the 'l and TP ions, respec-
tively, the shielding anisotropy is absent. Thus, one is led to
%nsidersp hybridization of the Tl wave functions, which
interact with the Se orbitals and yield strong deviation of

_ - U%%he TI electron cloud from the spherical form. This interac-
would yield a long-range indirect nuclear exchange couplmgt

ion, by means of directesp andp orbitals, implies a partial

acharge transfer between Tl and Se atoms associated with a
formation of TI-Se-TIl chemical bond¢Taking into account

the coordination polyhedron around!T) one can speculate
thatd orbitals, perhaps in the form afspor d*sp, are also
included, yielding weak interaction with the neighbors. A
contribution ofd states of Tl into valence band of Tl se-
lenides, sulphides, and tellurides was considered in Ref. 24
A very surprising point is that ?f (5d%% manifests a
chemical shielding anisotropy that exceeds that of
TI** (5d'°6s?) by a factor of 4. It is clear that such a large

Here, AE is the energy gap between the conduction and thehielding anisotropy may be caused only by the directed Tl-
valence bands, averaged over the Brillouin zone. The eleSe-Tl bonds in thé¢001) plane. As known, variation of the

tron configuration of the univalent thallium ion iI¥6s?,
while the trivalent thallium ion shows the electron configu-
ration 5d'°. Since the contact hyperfine interaction,
(87/3) ynyeh?| W (0)|?, is realized by means df parts of
wave functions, which have a finite valy& (0)|? at the
nucleus sité? an assistance of Tl electron pair is neces-
sary.

NMR chemical shift of a given element results from the
paramagnetic contribution to chemical shieldiag. This
term is due to the deviations from spherical symmetry of the
electronic charge distribution. For an axially symmetric sys-
tem, o, is not equal to zero only for nonzero anglebe-
tweenB, and bond directiof? =2’ and usually showsr, in

the high-frequency extreme ang, in the low-frequency

The aforementioned exchange occurs via an interveningxtreme??’ However, one can see from Fig. 3 and Sec. V

chalcogen atom, by analogy with the Kramers mechanism afhat the principal components of the chemical shielding ten-
electron-spin exchange via a nonmagnetic bridge’fos  sor in TISe are interchanged in comparison to this regular
shown by Bloembergen and Rowland, this nuclear interacease. The chemical shift is maximal when the magnetic field
tion is a kind of superexchange via intermediate excited eleds applied along the axis. It means that the observed CSA
tronic states?® Thus, to describe the indirect nuclear ex- cannot be described in terms of an intrachain cation-anion
change interaction via a bridge atom, we should discuss th€Tl-Se) interactions only. The explanation of the opposite

excited electronic states of Tl and TF™ mixed with the
states of the bridge Seion. For T in TISe, such interac-
tion may be realized by means of mixing of Ts%electron
states with unoccupiedpistates of Se. The T orbitals are
likely sp-hybridized Tl wave functions, which increases the

sign of CSA in TISe requires including the overlap of the
TI-Se-TI type in the(001) plane. We note that the similar
effect is observed in aromatic systems such as benzene,
hexafluorobenzene, etc., where the principal axis of the
chemical shielding tensofthe most shielded directions
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perpendicular to the molecular plane, and the least shieldeitheoretical work may yield new physical insights concerning
direction is in the plane of ring carbofA%?° band structure and charge distribution in TISe.

We note that recent pseudopotential calculations of band In conclusion, we note that two-dimensional square lattice
structure and charge distribution in TR8eshowed that the ©f TISe in the(001) plane, with alternating univalent and
uppermost valence bands and the first two conduction band&valent ions, is not metallic at ambient temperature. How-
near the Til) and TIII) atoms originate frons states of the ever, significant overlap of electron wave funcuons |ér;F1 this
TI(I) and TKII) atoms, respectivelywhile four lowest va- pla;g”%llqws us tﬁ. er)](peCt an electron hOpPl')Tg between Tl d
lence bands are composed from #&ates of Sg However an lons at higher temperature, possibly accompanie

. ! . by a phase transition into a metallic state. We note that high-
neither the interchain Ti)-Se-TIl) overlap nor the wave- pressure ambient temperature measurements of electrical re-

fUnCtion delocalization W|th|n the Valence and Conductionsistivity Of T|Se ShOW thabH andpL decrease Continuous'y
band, observed in our experiments, were not reflected in th@ith pressure and reach metallic resistiviies &

aforementioned calculation. One can conclude that further 2.7 GPa3!
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