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We investigated thermoelectric pows(T) of MgB, ,Be, (x=0, 0.2, 0.3, 0.4, and 0)6S(T) decreases
systematically withx, suggesting that the hole density increases. Our band calculation shows that the increase
occurs in thes band. With the hole dopind;. decreases. Implication of this phenomenon is discussed within
the BCS framework. While the Mott formula explains only the linear partSeT) at low temperature,
incorporation of electron-phonon interaction enables us to exSi@in over wide temperature range including
the anomalous behavior at high temperature.
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[. INTRODUCTION Meanwhile, it is well known now that the temperature
dependence of TEP is one of the unconventional features of
Since the recent discovery of superconductivity in MgB  MgB,: Atlow T, TEP is linear inT which is normal for most
both theoretical and experimental efforts have been made t@etals, but crosses over to a sublinear behavioi as-
understand its structural and electrical properties. Most thecreases. There have been many interpretations of this
oretical works suggest that coupling of the hole with ~Phenomenor?~*°We find that the crossover exhibits a sys-
B-plane phonon is the key ingredient of the tématic change with the Be substitution. Furthur, we show
superconductivity* Boron isotope effeétand other experi- that TEP in the wholeT region is explained by a single
mental data showed that the material is in the intermediate grde! function in which the electron-phonon interaction is

strong BCS coupling regiem(=0.7—1)%-12 explicitely taken into account.
Chemical substitution experiment has drawn much atten-
tion due to the possibility of obtaining higher superconduct- Il. EXPERIMENTAL

ing transition temperatur&;. In general, by replacing Mg-

or B sites with other elements, physical parameters such as Polycrystalline samples used in this experiment were syn-

lattice constants and carrier density change. Therefore, stud)esized by a powder metallurgical technique using a high

of T, shift in well-controlled substitution samples provides aPressure furmnace. Starting materials are fine powd&25

chance to understand the superconductivity in detail. Fof€Sh of Mg (99.8%, Alfa Aesar, amorphous B (99.99%,

the Mg-site substitution, several compounds such aélfa Aesap, and Be (9%%' Alfa Aesab.. Stoichiometric

Mg, Al,B, have been studiet:>-15For the B site, C and amounts of powders are mlxed_and peIIetlz_eq. The pellets are
1=xiTx =2 placed in a tungsten vessel with a close-fitting cap, reacted

Be substitutions have been reportéd’ A . ;
It is important to know how these substitutions change thetWO hour at 850 °C under 20 atm of high purity argon atmo-

carrier density and how the change is related Withshift. Sprllr?rl\(ngz Be,, the MgB, phase is maintained up to
_Be,,

=0.6. Their structural and superconducting properties were
M AlB h d that the Al bstituti d nreported elsewher€.We found that as a function of Be sub-
91D, Showe a e substitution  dopes it tion, lattice parameters show decreasirand increasing

8 . .
electrons. Theoretical calculation on Mg, Al,B, sugo- c values, and transition temperaturg decreases as summa-
gested that the doping occurs largely in thédole pocket rized in Table |

In the present paper, we report our results of TEP measure- For TEP measurements, bar-shaped sampiih dimen-
ment and theoretical band calculation on MgBBe, '
samples where B is substituted with Be. In an earlier paper,
we showed that in this compound, the MgpBhase is main-
tained up tox=0.6. Also the lattice constants ang,

changed systematically with Be substitutidiwe find that

TABLE |. Physical properties of MgB ,Be, . Transition width
AT, is determined from 10-90 % transitigRef. 17).

the TEP decreases with opposite to that in Mg_,Al,B, X ald ¢ Te ATe ()
which suggests that hole is doped. Also, changes in the bar@ 3.084 3.522 38.4 1.2
structure indicate that the hole doping occurs mostly insthe 0.2 3.078 3.540 36.0 25
band. Thus, Be substitution brings about hole doping into th®.3 3.073 3.597 33.0 5.5
boron plane. We consider the consequence of this effect on.4 3.073 3.632 21.0 4.0
the transition temperature and argue that the hole densityg 3.062 3.639 8.4 15

change plays only a second role in fhg shift.
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FIG. 1. Themoelectric powe®(T) of MgB,_,Be, (x=0, 0.2, . 10t | \
0.3, 0.4, and 0.6 Dashed lines represent linear fits to the data.
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sions of ~4x0.5x0.1 mn?) were mounted on two resis-
tive heaters. Gold wires were used for thermoelectric poten- gG. 2. LDA virtual crystal band structures of MgB,Be, for
tial leads. Chromel-constantan thermocouples were used fQ= o (top), 0.3 (middle), and 0.6(bottom. The experimental lattice
the temperature gradient measurement. Sample ends apgrameters are used. The horizontal reference at 0 deBptes
thermocouple beads were glued to the heater blocks by Sty-

cast epoxy. In our measurement, thermopower from the corgests that the dominant carrier is hole. The decreasé,of

tact wires was carefully calibrated. with x suggests that the hole density increases. To obtgin
we fit the linear part ofS(T) with Eq. (1) as shown by the
IIl. RESULT AND DISCUSSION dashed lines. Since the data are not extrapolated to zero,
vertical shifts were needed in the #t.
Figure 1 shows thermoelectric poweS(T) of To understand the behavior ¥f, more quantitatively, we

MgB,_,Beg, samples. For MgB(x=0), S(T) is linear inT  calculated band structures of MgB,Be, as shown in Fig. 2.
at low temperature abové.. At higher T (>150 K), it  Here we used the local density approximati&®A) with
crosses over to a sublinear behavior. These features togethe linearized augmented plane wave method. To account for
with the large jump afl ;. (~1.4 wV/K) are consistent with  the random substitution of Be, the virtual crystal approxima-
the earlier reports?* As boron is substituted with Be, the tion (VCA) was employed. Details of the calculation method
linear slope decreases. Also the crossover temperature \igere described by Mehdt al?* In current work, the experi-
lowered. Atx=0.6, S(T) changes sign at a low temperature. mental lattice parameters in Table | were used. Four bands
Thermal diffusion of carriers gives rise to the lineardin-  contribute to the Fermi surfaces: two bands with Bpy
behavior in S(T) at low temperatures. Kinetic transport character give the 2D hole-type cylinders around Ihé
theory shows thaIS(T)z(wzkéT/3e)a’(E)/a(E), where line and twow-bands form the 3D honeycomb tubular net-
the dc conductivityo(E) and its derivativer’ (E) are calcu-  works. The latter consists of one electron-type atHhgoint
lated at the Fermi enerdy.In a single parabolic band sys- and another hole type at th¢ point. Note that the most

tem, it is approximated to the Mott formdfa prominent change with is the hole increase in the bands.
Change in ther bands is relatively small. These results tell
k3 us that the Be substitution dopes hole into théands.
S(T):be:i<3eEF>T’ 1) It is interesting to note thal, decreases with the hole

doping, similarly to the electron-doped MgAl,B,. Theo-
where kg is the Boltzman constant: corresponds to the retical studies show that the superconductivity arise from the
carrier sign, and is the Fermi energy relative to the band o-band holes coupled with the B-plane phonohs=39 K
maximum (or minimum). However, MgB is a multiband in MgB, can be produced from the McMillan formular using
system wherer and 7 bands coexist. Also the Fermi surface the coupling constant=1.01 and the Coulomb pseudopo-
is not spherical. Thus, Eq1) can be applied only approxi- tential u* =0.13>% Here\ is proportional to the density of
mately here. The positive value % in pristine MgB, sug-  state (DOS) of the o bands at the Fermi energy,(Eg).
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From our band calculation, we find thad,(Eg)=0.22 2 ' T
(ev ! per cel) atx=0 andN,(Er) =0.24 (eV ! per cel) at 20F ] ]
x=0.6 (the o bands are highly 2D-like and the DOS in- ]
creases only slightly with hole dopipgrheni will increase 0 300 600 900 e
proportionally to become 1.09 at=0.6, if we assume the TEK) oo
other parameters determiningdo not changésee, for ex-
ample, Eq(3) of Ref. 3. This yieldsT,=45 K, which is in
sharp contrast with the observég decrease. This suggests
that the other parameters change significantly with the sub- y
stitution and their effects overcome thg(Eg) contribution. 4r il ]
In another paper’ we dealt with this issue and showed that A
the lattice constant change is the primary cause of the re- .
duced superconductivity. 0 T
Now we consider the unusual behavior &(T), i.e., the 0 50 100 150 200 250 300
deviation from the linear dependence at highin previous
works, it has been attributed to the minor carrier 12
contribution!® the thermally activated transpdrtand to the
phonon-drag effec® Here, we consider the effect of - (b) ]
electron-phonon interaction o8(T). According to Kaiser,
the interaction contributes to enhance the TEP through modi- 8 I -
fying the carrier mass and thus the thermal diffusioiak-
ing this effect into account, Ed1) is rewritten as

S (UV/K)

S (uV/K)

S(T)=[1+A(T)IX,T, (2)

where X, is the slope in Eq(1), \ is the electron-phonon s

coupling constant, anﬁs(T) is a function which represents
the T-dependent thermopower enhancement

azF(w) ho A IR R NI R R
- TG —]. (3) 0 50 100 150 200 250 300
S\ kgT

T (K)

Ne(T)= f;dw

Here, the normalized Eliashberg functierfF(w) consists _ _
of the phonon density of staté¥») and the coupling con-  FIG. 3. (2) Thermopower data of MgB(open circles and fit
stanta. G¢(Aw/kgT) is a function associated with thermal with the modified diffusion mode{solid line). Dashed- and dash-

. — dotted lines represent the diffusion and enhancement part, respec-
_populgltlon of phonons. qu MQB)’XS Calcu_lated\S(T) us- tively. The inset shows the calculated behavior at higher tempera-
ing a“F(w) reported by Liuet al."<° and fit the data with

o ture. (b) TEP data of MgB_,Be, (open circley and the modified
Eqg. (2). Here we used. and X, as fitting parameters. For itusion fit (solid lines.

x>0, the Be substitution into the B plane will change, prob-

ably significantly, the phonon structure. Thusand F(w)  ptions from the other bands are negligiblethe band cal-
will depend onx. Since they are not known, we t00k the ¢, ation result is closer to the modified model result at low
values of MgB in calculatingA¢(T). Thus\ and X, we  doping regionx=0.3, which supports the importance of the
estimate forx>0 samples are under large uncertainties.  electron-phonon interaction effect. At=0.3, X,, from the

Figure 3a) shows the fit for MgB (solid line). The bare  two fits exhibit a sudden drop. This drop may be related to
diffusion part X,T) and the enhancement pdri\¢(T) the observed structural change in the same composition.
X X,T] are represented with dashed and dash-dotted line§he incomplete agreement between the fit result and the
respectively. The latter has a broad maximunTat215 K.  band calculation result may come from complex effects not
The inset shows calculated behavior at higher temperaturéncluded in this work such as the multiband contributions
Figure 3b) shows the fitting results for MgB ,Be,. Note  and anisotropic transport.
that the fit is reasonable except the small deviation xfor Regarding the electron-phonon coupling consi{&rO),
=0.3. we obtain\ =0.90 for MgB,. This is in good agreement with

In Fig. 4, we summarize the linear slojg obtained from  the earlier reports of 0.7-1%0*8 For x>0, \ increases to
our analyses. The fitting results using E¢b. and (2) are  0.98(x=0.2), 1.310.3), 1.340.4), 1.470.6). This result is
shown with the filled-circles and the triangles, respectively.quite unusual because, &g decreases witk, \ is expected
Note thatX, from the modified model is smaller than that to decrease. Recently, evidences show that MbBs two
from the bare diffusion model. This is due to the enhancegaps. In this case, EPC from transport measurement
ment effect contained in E@2). Also, we estimateX,, from  (=\y,) is different from the EPC which determines the su-
the band calculatiorithe dash-dotted line Here theEg in perconductingT, (=\sd.* Thus, the increase of TEP
Eqg. (1) was taken from ther-hole bands, assuming contri- N (=X\) does not necessarily contradict with tfig de-
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T T T T T T T (negative in sigh At high T, the former is dominant while
50 - the latter prevails at lowT. In the intermediatel , sign
. change occuré! It is tempting to interpret our observation
40 _ similarly: the negativeS(T) may correspond to the phonon-
| drag effect. However, note that in the pristine MgBhe
Ng phonon-drag feature is not observed. Furthur, the feature, if
> 301 7 any, should be suppressed with Be substitution because the
g ] phonon drag generally disappears as randomness is in-
<20 | - creased. Origin of the sign change thus remains for future
i study.
10 - N IV. CONCLUSION
0o ' ' L ' ' L From the TEP measurement and band structure calcula-
00 01 02 03 04 05 06 tion on MgB,_,Be, (x=0, 0.2, 0.3, 0.4, and 0)pwe found
X that the hole density increases withn the o bands . Thus,

) _ ) the Be substitution dopes hole into the boron plane. The fact
FIG. 4. The linear slop;, of MgB,_,Be,. @ : determined ot T shifts in the same directiorlowering as the

reical resuts from the hand caculations are Shown with dash1SCUOT-doped case suggests thal carrier doping is not he
dotted line. Solid lines are for guides for the eye. primary route to control the transition temperature in MgB

This result is consistent with the 2D nature of ihebands.

crease. One should also keep in mind that the increase &rthur, we showed that the anomalous behavior of TEP at
TEP X may be simply an errorneous effect that arises fronfIgh temperature can be explained by taking the electron-
the uncertainties inv and F(w) for x>0 we mentioned Phonon interaction effect into account.
above?®

Now, let us consider the sign changeS(T) of x=0.6.
Sign change in TEP is widely observed in many alloyed This work was supported by the KOSEF through the
systems, for example, Ag-Au alldy, YBa,Cu;0,_5,2° CSCMR. The work at Ewha Womans University was sup-
NbN,,*° etc. In YBgCu;0;_ 5, the change is observed as ported by the KOSEF under Grant No. 20016-114-02-2, and
oxygen deficiency increases. In NbN S(T) is composed the work at the Naval Research Laboratory was supported by
of the diffusive (positive in sign and phonon-drag terms ONR.
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