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Th e tem per at ure dep enden ce of the magnet ic speciÙc heat w as studied
exp erimenta ll y and theoretically in the semimagnetic semiconductor
P b1 À x Eu x Te for x : and x : , over the temp erature range
from 0.5 K to 15 K , in magnetic Ùelds up to 2 T . In zero magnetic Ùeld

at about 2 K there w as a broad maximum in the magnetic speciÙc heat,
w hich was much higher than that predicted by the model of superexchange
interaction betw een nearest neighb ors; the maximum values increased w ith
magnetic Ùeld. T he exp erimental data were analyzed in the framew ork of a

mo del w hich takes into account the spin splittin g of the ground state of a
single Eu 2 + ion in the presence of local lattice distortions in the Pb 1 À x Eu x Te
mixed crystal. T he mo del describ es well the experimental data, especiall y for

low er x -values, where the contribution from singlets dominates.

PAC S numb ers: 71.70. {d, 75.40.C x

1. I n t rod uct io n

There have been a few studi es of magneti c pro perti es of IV { VI semimagneti c
semiconducto rs (SMSC) doped wi th rare-earth ions such as Eu and Gd [1{ 3]. Ma g-
neti zati on and magneti c susceptibi l i ty m easurem ents have shown tha t in general
the rare-earth- ion doped SMSC have a much weaker excha nge intera cti on tha n
tha t f ound in Mn- doped I I{ VI SMSC or IV{ VI SMSC. A more com plete under-
standi ng of m agneti c pro perti es of SMSC m ay be reached by ta ki ng into account
the results of speciÙc heat studi es to gether wi th the compl ementary results of
m agneti zati on and magneti c susceptibi li ty measurements.

Up to now, no experim enta l data on the magneti c contri buti on to the speciÙc
heat of rare-earth- doped SMSC have been avai labl e. Theref ore, in thi s wo rk we
present prel iminary data on the tem perature and m agneti c Ùeld dependence of the
m agneti c speciÙc heat of two sampl es of Pb x Eu x T e wi th di ˜erent Eu content.
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2. Ex p er im ent

The Pb 1 À x Eu x T esam ples were prepared by the Bri dgman techni que and the
Eu concentra ti on was estimated from the am ounts of the components intro duced
into the growth chamb er and m easured by the energy- dispersive X-ray analysis
(ED AX). The nominal x -values were 0.03 and 0.06 wi th uncerta inty of about
20%. The sam ples were p -typ e wi th carri er concentra ti ons of about 1 È 1 0 1 8 cm À 3 ,
as determ ined from the Ha l l m easurements. Our resul ts concerni ng magneti c sus-
cepti bi li ty and hi gh Ùeld magneti zati on were reported previ ously [1]. By Ùtti ng the
susceptibi l i ty data to the Curi e{W eiss law we obta ined the average Eu content in
our sam pl esand very smal l Curi e{W eisstem peratures indi cati ng an anti ferrom ag-
neti c exchange between Eu ions, 0 38 K and { 0.27 K for 0 027
and 0.073, respecti vely.

The heat capacity was measured in a cryostat usi ng a He or He system ,
over the tem perature range 0.5{ 15 K, in m agneti c Ùelds 0, 0.5, 1, and 2 T. W e
used the standard adiabati c heat- pul se m ethod. The experim enta l detai ls have
been described elsewhere [4]. Erro rs in the heat capaci ty values were about 5%.

The m agneti c contri buti on to the speciÙc heat was determ ined by the sub-
tra cti on of the PbT e latti ce speciÙc heat f rom the to ta l speciÙcheat of Pb x Eu x T e,
both determ ined experim enta l ly in the sam esystem . Thi s subtra cti on was only an
appro xi m atio n because the speciÙc heat of PbT e is a l i ttl e greater tha n tha t of
Pb x Eu x T e due to the latti ce contri buti on. Tha t is, the replacement of Pb wi th
an ato mic mass of 207.2 by Eu wi th an ato m ic m ass of 151.97 leads to a de-
crease in heat capacity , even for smal l values of . Theref ore, we emphasize in the
present work the data at tem peratures below 5 K, where the latti ce speciÙc heat
is m uch smaller tha n the to ta l speciÙc heat. In the interesti ng region, below 2 K,
the speciÙc heat of PbT e was m ore tha n 3 orders of magnitude smal ler tha n tha t
of Pb x Eu x T e.

The m agneti c speciÙc heat data for Pb x Eu x Te are shown in Fi g. 1. At zero
m agneti c Ùeld we see a broad m axi mum , several ti mes hi gher tha n tha t predi cted
by the model of superexchange intera cti on between nearest neighbors (see Fi g. 2).
W e have observed sim i lar results in Pb x Mn x T e [4]. However, at hi gher m agneti c
Ùelds in Pb x Eu x T e the value of speciÙc heat at the m axi mum increased, whi le
in Pb x Mn x T e the maxi mum did not increase much in value but shifted to wards
hi gher tem peratures.

3. R esul t s an d d iscu ssio n

In the li tera ture there are two appro achesto the descripti on of zero m agneti c
Ùeld m agneti c speciÙc heat (ZMFMSH) in SMSC. The Ùrst one ta kes into account
the exchange intera cti on between two m agneti c ions. Thi s intera cti on may be of
short [5, 6] or of long range [7]. In either case i t removes the degeneracy of the
ground state of the m agneti c ion and resul ts in nonzero magneti c speciÙc heat in
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Fig. 1. Magnetic speciÙc heat of Pb 1 À x Eu x Te in various magnetic Ùelds. (a) x = 0: 07 3 ,

(b) x = 0 :0 27 . Exp erimental data.

Fig. 2. Magnetic speciÙc heat of Pb 1 À x Eu x Te. Markers | experimental data, continu-

ous lines | theoretical prediction s of our mo del, broken lines | calculated speciÙc heat

due to the interactions betw een Eu nearest neighb ors.

zero externa l magneti c Ùeld. In the second appro ach the intera cti on between the
m agneti c ion and the free carri ers is ta ken into account [4]. It also leads to nonzero
ZMFMSH.

In the case of Pb x Eu x T e both appro aches fai l . The exchange integ ra ls be-
tween two Eu ions are to o smal l to be responsible for the bro ad m axi ma observed
in the experim ent. Al so, the exchange integ ra ls between m agneti c ions and car-
ri ers, p f meV, s f m eV, are much smal ler in Pb x Eu x T e tha n in
Pb x Mn x Te and I I{ VI SMSC [8].

On the other hand, electron param agneti c resonance (EP R ) m easurem ents
[9, 10] reveal a m uch stronger spi n latti ce intera cti on for an Eu ion in lead chalco-
genides tha n for an Mn ion. Thi s is rather surpri sing because one wo uld suspect
tha t due to smal l intera cti on of electro ns (shi elded by and ) wi th the
crysta l potenti al the e˜ect shoul d be the opposite. However, the rati o of the spin
spl itti ngs for Eu and Mn in PbT e in a perfect octahedra l envi ronm ent is of an
order of 10 [9, 11]. For the Mn ion, in a stra ined epi ta xi al PbT e layer grown on



634 Magnet ic Speci Ùc H eat of Pb 1 À x Eu x T e

a KCl substra te, the spin spl itti ng is appro xi matel y equal to 7 È 1 0 À 2 K [12] for
axi al stra in of the order of 0.5% [13]. Tha t is why we expect the spin spl itti ng of
the Eu ion to be of the order of a few K since the deform ati ons are larger.

In a series of m agneto opti cal exp eriments, Krenn et al . measured the de-
pendence of the funda m enta l absorpti on gap energy on Eu concentra ti on, x , in
Pb 1 À x Eu x T e [14]. From tha t reference we kno w tha t the tra nsfer energy of an
electron from the 4 f level to the conducti on band depends on x , and for -values
tha t are of interest to the present experim ent is less tha n 0.5 eV.

Let us noti ce tha t since the conducti on band wave functi ons in PbT eat the
point of the Bri l louin zone are of odd pari ty , the tra nsiti ons from the level (a lso
odd pari ty) are possibl e only i f the botto m of conducti on band wa ve f uncti ons in
Pb x Eu x T e conta in an adm ixture of wave functi ons of even pari ty .

W e assume tha t thi s adm ixture com es from the level of europium . The
level is the lowest energy level above the level and it is kno wn tha t the

conducti on band in EuT e is bui l t f rom these functi ons [15]; thus the local repl ace-
m ent of Pb orbi ta ls by Eu orbi ta ls seems plausibl e. In our m odel we repl ace
thi s level, di stri buted am ong the band states, by a sing le level placed about

eV above the level.
There are two im porta nt ingredients in our m odel . Fi rst is a local deform ati on

around Eu atom . The distances 3 3 ¡A and 3 2 ¡A are di ˜erent.
R andom distri buti on of Eu ions in the crysta l resul ts in random deform ati ons
of Eu ions surro undi ngs. Zero temperature Mo nte Carl o simulati ons perform ed
for a latti ce conta ining uni t cells wi th ato ms connected wi th spri ngs
enabl ed us to calcul ate, in the simpl esix-point charge m odel , the coe£ cients of the
crysta l potenti al

l m lm
m

l
for each Eu ato m . The crysta l potenti al

conta ins term s wi th odd , whi ch resul ts in a nonzero reduced matri x element

f d . The nonzero value of thi s matri x element enables
vi rtua l tra nsiti ons. The second ingredient of the m odel is the spin{ orbi t coupl ing in
the conÙgurati on. We m odel i t by a term wi th eV
and eV to describe the energy scheme of the J multi plet of the

conÙgura ti on [16]. In addi ti on, we ta ke into account an energy 10 D q = 1 eV
for the t e spli tti ng, but the Ùnal results do not depend signi Ùcantl y on thi s
value. The sam e is true for the spin{ spin exchange intera cti on and for the
spi n{ orbi t intera cti on on the shell and tha t is why we neglect them in our
m odel .

In the standard second- order perturba ti on theo ry wi th respect to we
obta in the e˜ecti ve spin Ha m ilto nian for the conÙgura ti on for an ato m . Its di -
agonal izati on enabl es us to calcul ate the contri buti on of tha t ato m to the m agneti c
speciÙc heat.

The physi cal m echani sm of the ground state spli tti ng of the Eu ion is
the fol lowing [17]: Ùrst, the crysta l Ùeld potenti al tra nsfers an electro n, let us say
wi th spi n +1 / 2, from the level to the state leavi ng an Eu atom in the
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conÙgurati on wi th the z component of the spin S z = M À 1 =2 , where M i s the
ini ti al z com ponent of the spin in the 4 conÙgura ti on. The spin{ orbi t coupl ing

pro duces, wi th certa in probabi l i t y ampl i tudes, states wi th spin z z .
Thus, af ter com pleti on of the pro cess, i .e. after return of the electron from the
level we Ùnd the level, wi th certa in probabi l i ty am pl itudes, in states .
Thi s leads to a spl i tti ng of the ini ti al ly degenerate state.

In Fi g. 2 we show som e results of our m odel predi cti ons. The trends for
both experim ent and theo ry are simi lar altho ugh the m agnitudes of the peaks are
di ˜erent and the theoreti cal peak positi ons are at somewhat lower tem peratures
tha n are found exp erimenta l ly.

In conclusi on, we have measured the m agneti c contri buti on to the speciÙc
heat of semimagneti c semiconducto r Pb x Eu x T e wi th and .
W e have pro posed a mechani sm tha t leads to the ground state Eu ion spli tti ng
and results in nonzero m agneti c speciÙc heat calcul ated in zero externa l m agneti c
Ùeld. The mechanism is a com bined e˜ect of conÙgura ti on mixing
and the spi n{ orbi t coupl ing in europi um state in the presence of latti ce defor-
m ati ons caused by a random Eu distri buti on. Thi s mechanism leads to the spli tti ng
energy correspondi ng to a few K. The theory describes qui te well the experim en-
ta l results for lower Eu concentra ti on. For higher concentra ti on the agreement is
wo rse. Thi s is pro babl y due to the f act tha t for larger Eu concentra ti ons the simpl e
spri ng-ato m m odel should be replaced by a more sophi sticated one. In addi ti on,
for hi gher Eu concentra ti ons one expects a growi ng ro le for the states as the
band states and for Eu{ Eu exchange intera cti ons; these are not ta ken into account
in our model.
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