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Magnetic and thermal properties of iron-doped lead telluride
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We have studied the magnetic and thermal properties of iron-doped lead telluride. Magnetic susceptibility
studies reveal that the iron ion in this compound assumes the divalent state and has a solubility limit of
approximately 0.13%. The lattice thermal conductivity in iron-containing samples is suppressed over a wide
temperature range. This behavior is attributed to scattering of phonons between spin-orbit-split magnetic
energy levels with spacing that nearly coincides with the Debye temperature of lead telluride.
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INTRODUCTION to compare the radii of each of these ions in an octahedral
environment. One might anticipate some solubility if the

Semiconducting compounds containing transition-metaM-Te distance is close to the Pb-Te distance in PbTe, say
(partially filled d-band or lanthanide-metalpartially filled ~ within £5%. Using the procedure developed by Slack and
f-band impurities are undergoing intense scrutiny for their Galginaitis for tetrahedrally coordinated transition metal
interesting magnetic and electronic properties with potentiaglements, we display in Fig. 1 the octahedral covalent radii
application in spintronic devices. One of the best-known exOf elements across thelZeries. We see that the elements Cr,
amples of these compounds is manganese-doped lead tellMn, Fe, Cu, and Zn fall between the dashed lines that repre-
ride (PbTe, a semimagnetic semiconductdn which ferro- ~ sent the=5% bounds on the radius of 1.47 A of $bin
magnetic coupling between Mn ions is mediated throughPbTe. One would expect little or no solubility for Sc, Ti, V,
conduction electrons via a Ruderman-Kittel-Kasuya-YosidgC0, and Ni; elements beyond Cu possess a fully fitlestell
(RKKY)-type interaction. Subsequent studies have revealednd are not magnetic so are not considered further. As al-
semimagnetic semiconductor behavior in an array of II-viluded to earlier, the system PbTe-MnTe has been studied in
(Ref. 2, lII-V (Ref. 3, and group IV(Ref. 4 compounds detail as this compound is a dilute magnetic semiconductor;
doped with magnetic ions. The magnetic properties of PbTéhe solubility of Mn in the PbTe lattice is quite larges high
containing transition-metal impurities other than Mn, how-as 30%. The solubility of Cr in PbTe appears to be less than
ever, are less well understood. A further motivation for thea few percent. The case of Fe in PbTe is poorly understood;
Study of magnetic impurities in PbTe in particu|ar is the pos.Andrianovet aI.9 found a solubility of less than 1% with the
sible enhancement of the thermoelectric properties of thi§ormation of clusters of ferromagnetic iron at higher concen-
compound or other semiconductors via potential reduction irfirations.
lattice thermal conductivity. The focus of this work therefore
was an investigation of the doping of PbTe with ir(Fe)
ions and the resulting magnetic and thermal properties.

In order to gain a better understanding of the nature of  ,,¢& K
transition-metal doping in PbTe, some understanding of the
crystal chemistry of this compound is desirable. Lead tellu-
ride (PbTe assumes the rocksalNaCl)-type structure in
which the Pb and Te atoms are positioned alternately on a
face-centered-cubi¢fcc) lattice. As such, each Pb atom is
octahedrally coordinated by Te atoms and vice versa. The
bonding between Pb and Te atoms is partially ionic, and a
formal charge state of 2 may be assigned to the Pb cation.

Looking at the transition-metalM) series, all of these
form tellurides at or close to the stoichiomet/Te; how-
ever, none of the tellurides of these elements form in the
rocksalt structure. Six of them possess the NiAs structure, 1.2}
FeTe possesses the red PbO structure, and CuTe has its owr
structure® Thus it is not possible to form complete solid
solutions between PbTe and aklyTe. On the other hand, the 10
M atoms in all of these tellurides do have octahedral coordi-
nation so one might hope that there will be some limited
solubility of these in PbTe. FIG. 1. Covalent octahedral radius of ions of the first-row

In order to gain some understanding as to whichtiransition-metal series in the divalent state. Region between the
transition-metal atoms may be substituted for Pb, it is usefutlashed lines represents a radius range 8% that of PB* in PbTe.
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TABLE I. Samples used in this study. Nominal composition is that determined from relative quantities of
starting material; paramagnetic impurity concentration is the concentration of the transition-metal impurity in
the paramagnetic state as determined from analysis of magnetizatiorAdBtaand C represent the coeffi-
cients of point defect, umklapp, and magnetic phonon scattering, respectiyely,the resonant frequency
for magnetic scattering, arldis the crystallite size.

Paramagnetic
impurity
Nominal concentration L
composition (at. % (um) A (S B(skK™ C(sh wo (57Y
PbTe 8 1.%x10° 4 9.85<10 '8 0
Phy goMng gooTe 0.16 7 3.x10° 4  9.85x10° '8 0
Py 990 &.000T€ 0.07 7 2.X10°% 985x10°'® 15x10%? 1.3x10'°
Py 998 &.0015T€ 0.13 3 3.x10°% 9.85x10° '8 4x10'? 1.3x 10
Py god€.002T€ 0.11
Phy god~€.00sT€ 0.13
EXPERIMENT netic moment(column 2. In the case of Fe, the impurity

. . enters the lattice both substitutionallgs F€") and in clus-
Samples were fabricated by adding equal molar amountgers (ferromagnetic metallic irop and an analysis of the
of pure iron powder and Te chips to pure PbTe. This mixture g ' y

was placed in a quartz ampoule, evacuated @ Ibrr, and magnetization data per'mits. a determination pf the c'or)centra—
e ’ jon of both types. This will be discussed in detail in the

sealed. The ampoule was lowered into a furnace, heated llowing

1000 °C and held at this temperature overnight. The ampoule '

was then removed and quenched in a bath of cold water. The

resultant boule was sectioned for x-ray, magnetic, and ther- Magnetization Measurements

mal conductivity measurements. For comparison, a pure The magnetization of the pure PbTe sample was found to
PbTe sample was melted and quenched using the sanpg diamagnetic, linear in field, and temperature independent
method as that used for the alloyed samples. _ over the entire field and temperature ranges. Figure 2 shows
In order to determine the amount of magnetic impurity the magnetization as a function of applied field at 300 K for
present and its magnetic state we have performed magneamples containing nominally 0.5, 0.2, and 0.15 at. % Fe.
zation measurements using a Quantum Design magnetomgne magnetization of these samples is characterized by a
ter. By measunng the magnetlzatlon -OVe-r a Wlde rar-]ge |r}ap|d|y rising portion (a ferromagnetic Componenand a
both temperatur€5—300 K and magnetic field0-5.5T, it portion linear in field with negative slop@ combination of
is possible to determine the charge state and concentration ghramagnetic and diamagnetic terms with the diamagnetic
the magnetic ion. _ term dominating Clearly as the iron concentration is re-
Thermal conductivity measurements were carried out oveg,ced from 0.5 at. % the ferromagnetic component is dimin-
the temperature range 4-320 K using a steady-state tecfsheqd, essentially vanishing for the 0.15 at. % Fe sample. In

nique. In this method one end of a parallelepiped or cylin-grder to analyze these results, we write the magnetization of
drically shaped sample is glued to the cold tip of a cryostathese samples as follows:

using silver paint. The other, free, end of the sample is
equipped with a small metal-flm heater. A differential M=MitM o tM 1
Chromel-constantan thermocouple is glued to two points dia ™ ™parat Tferro- @

along the length of the sample using an electrically insulatingyere M 4. is @ diamagnetic background contribution, which

epoxy. When the heater is energized with current, Joule he@d assumed linear in applied magnetic field and temperature

flows down the sample and a resulting temperature diﬁerindependenﬂ\/l saralS @ Paramagnetic contribution that, as we

ence along the length of the sample is established fromy show later, arises from Bé ions substituted for Pb in
which the thermal conductivity can be determined. the PbTe lattice. This contribution follows a Brillouin func-
tion with applied field and temperaturiglse,,, is a ferromag-
netic contribution, which presumably arises from clusters of
Fe atoms; it is temperature independent and saturates at very
Table | displays the samples used in this study. Theséow field (~1 T). The different temperature and field depen-
include pure PbTe as well as PbTe doped with 0.08, 0.15encies of these quantities allows for their separation. From
0.2, and 0.5 at. % Fe, and 0.2 at. % Mn. These are nomindhe high-field slope at room temperature we determine the
concentrations of impurity determined from the amount ofcombined paramagnetic and diamagnetic contributions; sub-
transition metal initially added to the mixture before react-tracting this quantity from the measured data yields the fer-
ing. Impurity concentrations were also determined fromromagnetic background term. The combined diamagnetic
analysis of magnetization data for samples possessing a magnd paramagnetic term is then determined as a function of

RESULTS AND DISCUSSION
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0.03 temperature at 0.5 T by subtracting this ferromagnetic term.
This term is expected to behave as

0.02 § oo o g M dia,para: M dia+ M para: A+B/T. (2)

° % o g Here A is negative and represents the diamagnetic back-
ground. Thus a plot oMT vs T will yield a straight line of
slopeA, representing the diamagnetic contributidry;,. Fi-
nally the paramagnetic contributiol ., is extracted by
000 oy, gubtractlng both the ferromagngtlc and d|amagr)et|c contribu-
" tions from the data; the resulting paramagnetic component

., for the samples containing 0.08 and 0.15 at.%iron are
001 F " ey shown in Figs. &) and 3b), respectively. We see that this
paramagnetic component, in emu/mol Fe, is essentially iden-
tical for these two samples. In fact, even in samples that have
-0.02 . . . . : a ferromagnetic componeighamely, the 0.2 and 0.5 at. %
0 1 2 4 5 6 samples shown in Fig.)2the paramagnetic portion derived
by the above analysis is identical to the samples with lower
0.01 iron concentrations. For comparison, the paramagnetic por-
PO tion of the magnetization of the 0.2 at. % Mn-doped sample
(which incidentally showed no ferromagnetic featyreste-
termined in the same fashion, is shown in Fi¢c)3

Further analysis of the paramagnetic term may be per-
formed. Looking at the data at 5 K, we see that the paramag-
netic term is linear at low field and begins to saturate at high
o field; this is a Brillouin function with the saturation field
determined by the spin state of the magnetic ion. Accord-
o ingly, the magnetization as a function of field and tempera-
001 | o ture is given by°

o.01 P

m(emu/g)

3
Field (Tesla)

0.00

m{emu/g)
[ ]
o

M =NagJugB;(x), )

- where

-0.02 : . L t — 2J+1 (2J+1)x
cot . @4

5 6 -
o ° ! % Field (?I'esla) ! By(x) 2] 2]

1 X
- 5COt E
0.01 HereJ=L+S is the total quantum number of the magnetic

ion and consists of the sum of its sp(B) and orbital (L)
angular momentum contributions. Thefactor is given by°

3 1[S(S+1)-L(L+1)

0.00 e o 0 0 0 0 0 00 g_§+§ J(J+1)
% and

g !
% XEgJ/,LB/kBT (6)

| As is well knowrt® for transition-metal ions, the crystal field
<001 W of neighboring ions causes a quenching of the orbital mo-
ment, and the magnetization behaves very nearly as though
g L=0. The total angular momentuthis then approximately
B equal to the total spin angular moment@nfor the F&*
i state with four unpaired spins, we exp&t2. As can be
-0.02 ‘ . . . . seen in Fig. 3, the magnetization of?Fein PbTe is consis-
0 1 2 4 5 6 tent with this scenario. The concentration of?Federived
from these data saturates at approximately 0.13 at.%; see
FIG. 2. Room-temperature magnetization of ,PfFgTe  1able |. This sets the solubility limit for Fe substituting for
samples(a) x=0.005; (b) x=0.002; (c) x=0.0015. The open PDin PbTe. The data for the Mn-doped sample, Fig) 8an
squares are the experimental data; the closed squares represent &g Similarly fitted using a Brillouin function witd=S= 3,
combined diamagnetic/paramagnetic term, and the closed circlegonsistent with the’S;,, L=0 state of the divalent Mt
the ferromagnetic term. ion.

©)

3
(c) Field (Tesla)
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: /” . » with a fit (dashed lingsto a Brillouin function
5000 | e e 40K with J=3 (Mn?*). The unfit data in@) and (b)
e -~ - < ° were taken at 60, 80, 100, 150, 200, 250, and 300
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Thermal conductivity relaxes back to the lower-energy state, a phonon is emitted

Figure 4 shows the lattice thermal conductivity of puremcoherently, constituting a scattering process. As others
PbTe and PbTe doped with the various levels of Mn and Fehave done, we can model this process using a resonant-type
The electronic contribution to the thermal conductivity is Scattering term to represent the magnetic scattering by the
negligible and thus these curves represent the lattice therménpurity. In order for this effect to occur over a wide tem-
conductivity of these samples. We see that for comparablgerature range, we need to have magnetic energy levels with
concentrations, the scattering by Fe impurities is much stronspacings near the Debye temperature. For transition-metal
ger than that by Mn impurities. While a reduction in thermalions, the crystal-field effect is large and causes splittings of
conductivity due to mass fluctuation scattering is expected iseveral thousand kelvins; however, spin-orbit coupling
doped samples, one expects little difference in this effect focauses a perturbation that can produce splitting on the order
Mn and Fe since these impurities have nearly the same mae$ a hundred kelvins. This is what gives rise to the strong
and atom size. Clearly the reduction in thermal conductivityphonon scattering of & in MgO.*! Given that the Fe ion in
is dependent on the magnetic state of the impurity ion. the same crystal-field environment as in MgO, a similar ef-

Previous studies on electrically insulating solfd$*have  fect should occur in PbTe with Fe doping. In the case of the
shown that a reduction in thermal conductivity can occurtransition-metal impurities, M has a half-filledd shell,
when the magnetic impurity ion possesses magnetic enerdy=0, and we expect no magnetic scattering. The case of
levels with spacings comparable to the energy of a heatr€’* in an octahedral field is well known and has been
carrying phonon. A phonon having an energy equal to thdreated using crystal-field theory. The free-iorf Fe€D term
difference between two neighboring magnetic levels can prois split by the octahedral crystal field into an orbital triplet
mote an electron from the lower to the higher energy Ieve(5T2g) and a higher orbital doubIeFEg). The magnitude of
and the absorbed in the process. When the excited electrdhis splitting is on the order of the crystal-field parameter
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1r boundary scattering, point-defect scattering, phonon-phonon

- umklapp scattering, and magnetic phonon scattering, respec-
tively. The quantityw, represents the magnetic energy level
spacing, which scatters phonons. For the umklapp scattering
rate coefficienB we use the expression given by Slack and
Galginaitis®

B= iy 9
TCh ©

o1} where y=~2 is the Grueisen constant and is the average
[ atomic mass.

The fits to the thermal conductivity using these expres-
sions are shown in Fig. 4 for pure PbTe and PbTe doped with
0.2 at. % Mn, 0.07 at. % Fe, and 0.15 at. % Fe. The procedure
we followed to produce these fits was (@ first fit the data
on the pure sample using=0 andA andL as adjustable
parameters(b) fit the data on the Mn-doped sample by al-
tering only the magnitude of the point-defect scattering rate
coefficientA from the value for the pure sample; afg] fit
the data for the Fe-doped sample using the same parameters
as those for the Mn-doped sample but allowd@nd v, to
vary and scalingA with the impurity-ion concentration. The
resulting values of the parameters so derived are shown in

FIG. 4. Thermal conductivity of PbTe containing Fe and Mn Table I. First, we note that in order to fit the data on the pure
impurity ions at various concentrations and some fits to the dat§@mMple we require a grain size on the order of a few mi-
(solid lineg using the procedure described in the text. Open circlescrometers; this is consistent with that which we observed in
pure PbTe; open triangles, PbT6.2 at. % Mn; closed circles, optical micrographs of these samples. Second, the pure
PbTet 0.08 at. % Fe; closed squares, PhTe15 at. % Fe. sample also requires a nonzero value for the point-defect

scattering paramete; in fact, the value derived here could
A~2.0x1071°J. This corresponds to a temperatureTof arise from on the order of 0.05 at. % vacancies, not an un-
=A/kg~15000 K, far above the energy of a heat-carryingusually high number for the type of boule growth used here.
phonon at room temperature. Spin_orbit Coup“ng, however!:or the case of Mn substitution for Pb we can estimate the
further splits the lower level into three levels at energieseXpected value of the point-defect scattering parameter due
+3\, +\, and—3\, wherex ~ —2x 10~ Jis the spin-orbit 10 the mass and size difference of Mn and Pb using the
coupling parameter. Thus the splitting between the lowesfollowing expressiort!
state and the first excited state is predicted to he=2
X 10721 3~300 K. Experimentally, infrared absorption mea- cVa [Myn—Mpy 2
surements of Fe-doped MgO rev¥ala peak at 2.1 A=71-3"m +t2yal , (10
%1021 J (157 K). Pb

We use the Debye model of thermal conductivity in ordernere c~0.002 is the relative concentration of Mn ions,
to quantitatively account for our observed results. In thisy, —3 36102 m? the volume per atoml,,,=54.94 the
model the thermal conductivity may be expressed as atomic mass of MnMpy=207.2 the atomic mass of Pl,

Thermal Conductivity (W/emK)

0.01

1 10 100 1000
Temperature (K)

3 rg 4.x ~2 the Gruneisen constant, angl~0.15 the relative differ-
kB kBT OD/T xX'e . . . . .
KL=5— | — f —1 30X, (7) ence in the atomic volume of divalent Pb and Mn ions. This
2w\ o 7c(€—-1) yields the valueA~7x10 %2 s*, in reasonably good agree-

where x=h w/kgT is dimensionlessw is the phonon fre- Ment with the increase in the value Af(~2.4x10 * &)
quency,kg is the Boltzmann constant, is the Planck con- for the Mn-doped sample over that of the pure PbTe sample.
stant,® =105 K is the Debye temperature=1181 ms® Finally, the value ofw, required for the resonant scatter-
is the average velocity of sound, amg is the phonon scat- ing of phonons in the irpn.—doped samples corresponds to a
tering relaxation time. The phonon scattering relaxation raté®mperature of 97 K. This is near the energy spacing of 157

751 can be written as K determined from infrared_ab_sorptio_n measurements on Fe-
doped MgO and nearly coincides with the Debye tempera-
LV 0p Co? ture of PbTe. We thus believe that the strong depression we
T = +Aw*+Bw’Texp — 5= |+ —5—=23, (8)  observe in the thermal conductivity of Fe-doped PbTe over
L 3T) (0°—wj)

the range 10—300 K arises due to this rather fortuitous coin-
whereL is the grain size, and the coefficie®andC are the  cidence of the spin-orbit-split energy level spacing with the
fitting parameters. The terms in E@.]) represent the grain- Debye temperature of PbTe.
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In conclusion, we have studied the magnetic and thermatharacteristic energy of the magnetic scattering with the De-
properties of iron-doped lead telluride. We find that the solubye temperature of PbTe.
bility of iron in PbTe is 0.13% and the Fe ion assumes a
divalent state. The lattice thermal conductivity of Fe-doped LSS
samples is suppressed by magnetic scattering of phonons, The authors would like to thank Dr. Dale Partin for help-
which is particularly strong due to the coincidence of theful discussions.
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