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Concentration dependence of the exchange interaction in Rb,Eu,Te
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From low-field measurements of the susceptibility at temperatures up to 385 K, fitted to the Curie-Weiss
expression, the exchange constatiz of Pb,_,Eu Te has been obtained for different values<oft has been
observed thal/kg decreases with increasing Reasons for this decrease are proposed. Measurements of the
low-temperature magnetization at fields up to 23 T yield a value of the pair exchange capgtant which
is somewhat larger than the values from the susceptibility measurements and is nearly indepexd€hisof
result seems to be due to the clustering of Eu atd®8163-18207)08807-3

I. INTRODUCTION Il. EXPERIMENT

The diluted magnetic semiconductd®MS) samples of

There have been a few studies of the exchange in IV-VIPb, _,Eu,Te were prepared by the Bridgman technique and
chalcogenides doped with rare-earth atoms, Eu and Gdhe Eu concentration was measured by energy-dispersive
which indicate that the nearest-neighbor exchange interaceray analysistEDAX) and estimated from the amounts of
tion is small!™ However, there have been no systematicthe components introduced into the growth chamber. The
investigations with sufficient precision to determine whethermuncertainty in thex values is about 20%. The crystals were
there is a dependence upon the concentration of the rareut in the shape of Hall bars with typical dimensions 1.5
earth ions. X2X6 mn?. The samples withk=0.03 and 0.06 were

Our previous experiments on high-temperature suscepttype with carrier concentrations, from Hall measurements, of
bility of Pb, _,EuTe forx=0.03 and 0.06 indicated a small about 1x 10'® cm™3, but for x=0.1 the sample was type
antiferromagnetic nearest-neighbor interactidkg of about  with a concentration of about’610'” cm™3. With increas-
—0.3 K, which was assumed consistent, within experimentaing x, the hole concentration decreased and the mobility in-
uncertainty, with our high-field, low-temperature results forcreased.
the pair exchangeJ{/kg~—0.5 K).> (Here kg is Boltz- The susceptibility measurements at fieldsup to 0.1 T
mann’s constantAt the same time we noted smaller values and temperature§ from abou 4 K to amaximum of 385 K
of J/kg, —0.116 K presented by Braunste@t al” for a  (x=0.1) were carried out in a SQUID magnetometer system.
thin film with x=0.32 and a positive value-0.043, given Results fox=0.03 and 0.06 were reported previou$yhe
by Wachtet for EuTe (x=1). We did not attempt to com- susceptibility at each temperature was determined from a
pare these values with our results except to note that thkeast-squares fit to the magnetization at three or more mag-
samples were quite different from ours. Our new measurenetic fields. During measurement at each fixed temperature,
ments forx=0.1 appear to be consistent with all the mea-the temperature varied by less than 0.02 KTer30 K and
surements if one assumes that the nearest-neighbor exchargeless than 0.1 K folf >30 K. The magnetization at fields
interaction decreases with increasixg up to 5.5 T was measured in the same SQUID system.
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TABLE I. Pb;_,Eu,Te susceptibility parameters.

J/kg (Expt) J/kg (Calg?

X Xav 0 K) (K)
4L
0.03 0.027 1.30 ~0.38 —0.3¢
0.06 0.073 2.48 —0.27 -0.33
| 0.10 0.110 2.69 -0.19 ~0.27
g 3r 0.3 0.316 4.60 ~0.116 -0.19
= 1.00¢ 1.0 4.00 +0.043
(=]
T: 2l dEquation(13).

bFitted at this value.
‘Reference 2.
dReference 3.

wherez is the number of nearest-neighbor cation sites, 12 for
1 the NaCl structur. The nearest cations to the cation site
200 (0,0,0 lie at{0.5,0.5,0 sites, i.e., on the faces of the cation
T(K) face centered cubic lattice. The angle between the two
FIG. 1. Inverse susceptibility vs temperatuke. x=0.03; B:  cation-anion bonds is 90° and the cation-cation separation is
x=0.06;C: x=0.1. The open circles represent the data and the solidy; .5 \yherea is the lattice constant. There are six next-
lines were obtained from fits to the Curie-Weiss law, EQ. nearest-neighbor cations with the same cation-anion separa-
tion, but the bond angle is 180° instead of 90°, and the
cation-cation separation & We have shown previously that

High-field magnetization experiments were carried out IOya semiquantitative description of the exchange interaction
the sample extraction method at the High-Field Laboratory q P 9

for Superconducting Materials of Tohoku University. Fields can be pbtalneq by taking into account only the cation-anion
up to 23 T, produced by hybrid magnets consisting of aroeparation, which is the same for nearest-neighbor and next-
outer superconducting magnet and an inner water-coolef€arest-neighbor cations in the NaCl structiEnerefore,
polyhelix copper magnet, were used in these studies. Thelthough we have takenas 12 in estimating the exchange,

magnetic field was accurate to 2% and the uncertainty in thé8 IS @lSo a possible choice. For our purpose, where we are
magnetization was about 3%. comparing the same system, changing onlyxhelue, this

difference inz is not very important.
The susceptibilityy, is the diamagnetic susceptibility of
the host lattice—3x 10 “emu/g from our previous studies
Figure 1 shows the inverse susceptibility* versusT for ~ of PbTe®
three samples of Rb,EuTe: A—x=0.03; B—x In Table | the values of the exchange, estimated from
=0.06; andC—x=0.1. One can see that * varies aimost  y, and the values of,, are presented for our Pb,EuTe

linearly with temperature ang is larger for largeix as ex-  samples along with the results given by Braunsteiral?
pected. The data above 20 K have been fitted to a Curie-
Weiss expression of the form

0 100 300 400

lll. RESULTS

x=P1/(T+0)+ xo, o " -
where P, and 6 are fitting parameters. The parametey 12 1
represents the effective number of magnetic ion spigs,
where 10 |
B
Xav=(Ma+Mg)/{S(S+1)(geuwse)°Na/(3kgP1) 5 8l
+Ma— Mgy} 2 5 5
Herem,, mg, andmg, are the atomic masses of the cation, =
anion, and Eu, respectivelyN, is Avagadro’'s number, al
ug IS the Bohr magneton, angg, is the Eug factor, as- A
sumed to be 2.0S is the spin of the E{S=7/2 for E/"). 2l
The quantity # represents the Curie-Weiss temperature.
Since our experimental results show ti#ag T, we can use 0 ) ' ' '
to estimate the exchange interaction, which we have assumed  © 5 10 15 20 25
to be the nearest-neighbor exchange, from the relation H(T)
30 FIG. 2. High-field magnetization vs magnetic field at 4.2A<.

3) x=0.03;B: x=0.06;C: x=0.1. The open circles represent the data

Jkg=— 50—, . : !
B 2XS(S+1)z and the solid lines are obtained from fits to E4).
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and Wachtet for larger values ok. We observe in Table | where
that J/kg is negative, its magnitude decreasing with increas-

ing x, and is actually ferromagnetipositive for EuTe.(It is M =MSxB4(?), 6)
claimed that the next-nearest-neighbor interaction, which is

antiferromagnetic, is dominant in Eu?é) This decrease in Mo=0ewusNo, (6)
exchange now seems to be a real effect, which we will dis-

cuss in Sec. IV. andBg(¢) is the modified Brillouin function:

In Fig. 2 the high-field magnetizatiod versus fieldH is
presented for the same three samples. The saturation value of
M is larger for larger values of as anticipated. Field values
were high enough that clear saturation was obtained for all
the samples and therefore we were able to fit the data to afhere
expression containing explicitly the magnetization for iso-
lated ionsM¢ and pairsM,, .89 For completeness we repeat (= SusH ®)
this expression below: kg(T+Tgo)"

2S+1 [2S+1
B0=55 M 35

<ol
14 —z—scot 25 (7

M=Mg+M,+ xoH, (4)  The pair exchange terd , is given by
|
Smax
520 elss Ve Dg(sinh{[ (254 1)/25]¢,})Bs(£p)
M p: 05|V| 0X2 Smax ’ (9)
>, ST UeTSink[ (25+1)/25] ¢}
s=0
|
where direct interaction between Euand Tep levels is too small

SQeyugH to give _the me.asured values _of the antiferromagnetic ex-
=TT (10 change interaction. Therefore, in the present work we accept
B the approach of Kasuya, in which the exchange takes place

and Sya= 2S. via anf-d exchange on the Eu ion,ckp exchange between

The diamagnetic contribution igoH. For Eu we have cations and the Te anions, followed by thel exchange on
assumed tha=7/2. The parametes, andJ, represent the the other Eu catior® Thus the expression for the exchange
number of paired magnetic ions and the pair exchange, rgnteractionJ becomes
spectively.

The solid lines in Fig. 2 are fits to the expression given J=—2Vpg,l 4/ AE®, (13)
above,; it is clear that very good fits are obtained. The fittin
parameters, andJ,/Kg, are given in Table Il. The param-
eteryg is the same as in Eql). The sum of,; andx, agrees
well with x,, obtained from the high-temperature suscepti-
bility. The values ofJ,/kg, however, are somewhat larger
than the values ofi/kg, from the susceptibility, and are
independent ok within our experimental uncertainty.

g\Nherelfd represents the intra-atomicd exchange, which

we assume is independent of the change of Eu concentration,
and AE=E4—E,, which is the energy difference between
the &d levels and the top of the valence band. The quantity
Vo represents a matrix element linkimpglevels of the va-
lence band withd levels of the magnetic ion, taking into
account only thes bond!® (In general there could be a
combination of matrix element¥,,,,, wherel =f or d, and

IV. DISCUSSION a refers to either @ or 7rbond?) Then following Harrison’s

1

We have shown that the values of the excharljkg, approactt we express
decrease significantly with increasirgNow we will discuss B\ 1/2 5 312 4
this result on the basis of our model of superexchange be-  Vpfa™(Tpl )" 7d(X)%,  Vpgoo (rprg) "7d(x)%,  (12)
tween Eu ions moderated by the anion“feln Ref. 4 we whered(x) is the cation-anion separation, which depends on
have shown that thé-f superexchange calculated from the x, andr,, rg, a_mdrf are the atomic radii for thp, d andf
levels, respectively.

In Kasuya's model there is a dependenceJtkg on
AE~°, instead ofAE 2 as in our earlier model. We believe

TABLE Il. Magnetization parameters.

X X X2 In/ks (K) that, due to the energy gap variation withthis fifth-power
0.03 0.019 0.0056 -0.43 dependence may cause the variatiod afith x in Eu-doped
0.06 0.04 0.032 —-0.50 DMS.

0.10 0.06 0.043 —0.48 We will use expressiongll) and (12) to estimate the

variation in the exchange interaction wity after making
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The values ofl(x)/kg, adjusted to agree with the experi-

\ mental results forx=0.03, are presented in Table I. The
Ee) trend of decreasing exchange with increasings clearly
N / ................ E(5d) represented by Eq13) and, in view of the assumptions and
(t,.)

uncertainties in the estimates of the parameters, the model
appears to be qualitatively reasonable. Therefore, we believe
that the variation withx of the cation-anion distance and of
the separation between the valence band and the unoccupied
----------------------------- E lowestd bands can account for a significant part of the
dependence of the exchange. This model assumes complete
E transfer of two electrons from Eu to Te and therefore implies

' / \ ionic bonding. Perhaps partial covalent bonding could con-

tribute to the decreasing value of the exchange with

Next we consider the high-field magnetization results.
The parameters are shown in Table Il and represent the fit to
single ions, pairs, and the diamagnetic host, from &g.
Pb,_Eu,Te. E; represents the filevels, E, is the top of the va- The temperature of megsuremgnt, 4.2 K, Is too Iarge. Com'
lence band, an@(5d) is the weighted average of thedSevels, pared to the exchange interaction to ob_se_rve .mal%nenzauon
Eq(tag) andEq(ey). steps such as those reported by Bindilagtial.™ for

Pb,_,EuSe. As we noted in Sec. lll, the exchange term

several assumptiongl) AE=E(5d)—E,, whereE(5d) is  Jp/Kg is larger in magnitude than the value from the suscep-
the energy of the weighted average of the [&vels of the tibility and is essentially independent &f We believe this
Ew?* ion andE, is the energy of the top of the valence band;result can be explained by the presence of clusters of ions
(2) the band offsets are related BYE,(x) =AE.(x), where larger than pairs, with the number of these clusters increasing
AE,(X) +AE(X) +E §=E4(X), WhereEg is the band gap for with x. In our fits such larger clusters are taken into account
x=0 (there seem to be no reliable values for the band offsetenly in a mean-field approximation witfiy, but we were
in the literature, but we accept the results suggested by Partimable to obtain a reliable fit with, as a fitting parameter.
etal’®'d; (3) the values ofEy(x), obtained from lida Therefore, we fixed, equal to zero.
et al,}* can be fitted to a convenient phenomenological ex- In our fits, the exchange times the magnetic moment is
pression, although it has no theoretical basis, of the formreated as a unit. We cannot distinguish between the ex-
Eq(x)= E8+A tanh(@x), with A=0.6 and3=6.0, at least up change of a pairJ,, times the moment of a paim,, and
to x=0.35. The energy gap increases from 0.19 e¥=a0to  the exchange of a higher clustéy,, times the moment of
approximately 1 eV atx=0.32. (4) as a consequence, the cluster,my,s, Which is proportional to the number of
AE(x)=E(5d)—[E,(x=0)—0.5A tanh(8x)]. The value of ipns in the clustem. Therefore, if we assume we are observ-
AE(x) increases with increasing _ ing pairs and actually there is a contribution from clusters

We also use the values given by Wachtes find the  \yith n>2, then the exchange will appear to be larger than it
energy levels in EuTe, measured from the average of fhe 4,.qq)ly is. The assumption that we take only pairs into ac-
levels, viz.E(5d tyg) = +2.6 eV ande(5d ey) =+4.15eV. 4 nt s quite good fox<0.05, the value corresponding to
We assume thaE(_Sd) is the weighted average ‘?f_ the maximum pair probability, but larger clusters become impor-
5d g and & e, i€, 3.22 eV, and make two additional tant for larger values at. We believe this is the reason that

:izumgtiggslé?eItshe(jcf:sper‘\gtisgrb?/f/\ilrli?%;hti:%cciﬂeg d4 the exchange from high-field measurements is larger than the
y ' b values from susceptibility fox=0.06, at which point the

4f7 lies approximately 1.5 eV below the top of the valence.

band* and moves up relative to the valence band with m_mfluence of higher clusters becomes significant.
creasingx We have carried out some calculations fitting the high-

If we set the zero of energy as the top of the valence banfi€!d data to singles plus tripletinstead of pairs The fits

for x=0, then we obtain the energy diagram shown in Fig. 3.27€ Just as good as for the pair fits, but the exchahgs
At x=0, the lowest unoccupied levels are situated at much smaller. These results also confirm our conclusion that

E(5d tyg)=1.1 eV andE(5d e;)=2.65 eV, with E(4f7) there is a significant contribution to the high-field data from

——1.5 eV andE(5d)=1.72 eV. Using these assumptions cluSters withn>2.
and estimates, we express the exchange interaction as

Ix) _J0) (d(0)>16(AE(0)>5 13 ACKNOWLEDGMENTS
ks kg \d(x) AE(x)) ’ (13
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FIG. 3. Schematic(not to scal¢ of the energy bands in
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