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Difference between Al and C doping in anisotropic upper critical field development in MgB
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The temperature dependence of the upper critical fitldfor both field directions in partially substituted
polycrystalline MgB was determined. Whereas the suppressioofs similar for aluminum and carbon
substituted samplesi., is affected by the substitution in profoundly different ways. In the case of Al substi-
tution changes can tentatively be described by intrinsic effesttit of the Fermi level In the C substituted
samplesH,, is increased drastically, and extrinsic effe@isordej have to play a major role. The strong
contrast between the two substitutions is discussed, taking into account three relevant scattering rates.
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An unusual temperature dependence of the anisotropically different development of the magnitude .
upper critical fieldH, is one of the major consequences of Whereas the behavior of the upper critical field in the case of
two-band superconductivity as realized in magnesium diAl substitution can be understood as resulting from a shift of
boride MgB,.* To further explore properties of a given com- the Fermi level, an increase in scattering has to be taken into
pOUﬂC_i it is often helpful to consider the effects of partial account to exp|ain the |arge increaseH)sz upon C substi-
chemical substitutions. In the case of MgBartial substitu-  tution. We briefly discuss this different effect on scattering
tions with many elements have been attempted, but only twgy ¢ and Al substitution.
elements are widely recognized to enter the structure: alumi-" \ye jnvestigated carbon substituted polycrystalline MgB
num replacing magnesiufhand carbon replacing bordn. samples prepared in two different ways: We synthesized

Both substitutions dope the material with additional elec- o ; ;

X e ~“"Mg(Bo oC at 1200 °C using Mg and & as starting ma-
trons, \.Nh'Ch should similarly affect the. SuDercondUCt.'ngteﬁalso,'gaglciéscribed in Ref. ?? Fgr Iow%substitutio% levels,
properties, at least o the extent that a_r|g|d band approxim ilaments already studied in Ref. 9 were ground to powder. In
tion works. According to the detailed band structure y ) 9 P :

calculation$-6 electron doping most drastically affects the the case of aIuminum substitution, chgmical inhomogen.e.ities
bands, which are nearly filled. Furthermore, any partial sup@'€ difficult to avoid. Inhomogeneities lead to transition
stitution by small amounts of an additional element increase?r‘fgade”'”g detrimental particularly to the determination of
chemical disorder, leading to increased scattering. In th&lcz- In order to maximize sample homogeneity, we tried sev-
two-band superconductor MgpRat least three different scat- €ral techniques, including prealloying Mg and Al, and using
tering rates have to be distinguishednd the different sub- AlB; and AlBy; as Al source. However, the best results were
stitution sites Mgby Al) and B(by C) are likely to influence obtained with a two-step synthesis at high temperatures.
these scattering rates in drastically different ways. In generaFirst, synthesis at constant temperatures from 1000 to
the upper critical fielH., is influenced by electron-phonon 1200 °C from the elements in stoichiometric quantities for up
coupling(EPO, Fermi velocities, and by the mean free pathto 10 days, followed by cooling to room temperature in
€. EPC and Fermi velocities are intrinsic properties alteredstreaming water produced material with large inhomogene-
by electron doping, whilé is a function of scattering. It will ities as visible in x-ray diffraction pattern and particularly in
be interesting to compare the doping and temperature depethe superconducting transition. In order to improve homoge-
dence ofH, with substitutions on either the Mg or the B neity, we finely ground and thoroughly mixed the products of
site. This may help in separating electron doping and scattethe above synthesis, pressed them into pellets, and then
ing effects of partial substitutions. heated them for a second time to 1200 °C for 10 days.

In the case of the B site substitution by carbon a number Powder x-ray measurements on Mgé&mples substituted
of studies have presented measurementdgfon polycrys-  with up to 20% Al indicate no phase separation, shifts in the
talline material3®® and in a limited range on single lattice parameters close to literature valtitand a moderate
crystals!®-15All studies agree in significant enhancements ofpeak broadening suggesting small variations in the Al con-
He, and the studies on single crystals also indicate a detent throughout the samples. The broadening becomes sig-
crease of theH, anisotropyyHEHBb/H'(':‘;. FewerHg, stud-  nificant for Mg, 7Al3B,. For this composition, additional
ies exist for Mg site substitution by aluminum, and there is asmall peaks suggest the presence of MgBd MgAIB, mi-
considerable spread of given values between tHefS. nority phases. The superconducting transition in zero field

Here, we present a comparisonhf, andH!2° measured was measured resistivelpn the 60 to 70 % dense pellgts
with the same technique on aluminum and carbon substituteand by magnetization measurements in 20(&fter powder-
polycrystalline MgB, with various substitution levels, pre- ing the samples and mixing with epoxyrhe magnetization
pared from the same Mg angbartly) B starting materials measurements on isolated powder particles makesTany
with similar procedures. As a function of electron doping, avariations within the sample well visible as an onset broad-
similar decrease of both the transition temperafiyrand the  ening[Fig. 1(a)]. The effectiveT, was defined as the cross-
upper critical field anisotropy, contrasts with the dramati- ing point of the steepest slope of the field cooMdT) with
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° Inset: Second derivative?l/dH? of the magnetization as a func-
] tion of field H at different temperatures on MgAlg 1B». The loca-
101 aluminum substituted ® tion of the minimum upper critical fieldsee Ref. 2), i.e., H is
] indicated by arrows.
¢ fHr—r—r-—sr—r—r-—r——rr—r—r—r—r able, taking into account that even on unsubstituted single
0.0 0.1 02 03 crystals from the same sourbl%cz(O) with values of 28 Ref.
- . 23) up to 31 kOe(Ref. 22 were observed. We note that our
additional electrons per unit cell result is significantly lower than the value of 52 kOe reported

for a Mg, g\l 1B, single crystak® We note that very recent
measurements on a MeydAlggoB- Single crystal from an-
other group gave a value much closer to ditis contrast to
vs number of additional electrons per unit cell due tofll sym- the little Chﬁgbge OHLLCZ(O)’ the.up[_)er_(.:rltlcal field parallel to
bolg or C (open symbols substitution. The open square is from the layersH5(0) =127 kOe, is significantly lower than cor-
Ref. 14. responding measurements on unsubstituted MgBIr result

is moderately higher than the results reported in Refs. 17 and
the M=0 axis[Fig. 1(b)]. The height of the “sliver” in the 18, significantly higher than those reported in Ref. 16. Parts
onset above this temperature is a measure for the amount of the discrepancies might be related to different amounts of
material with higherT, due to locally less Al substitution. impurity scattering(see discussion belgwwhereas other
Such a variation is present in Al substituted samples, buparts may originate from different inhomogeneities in the Al
rather small. distribution.

The polycrystalline upper critical field, which corresponds  The analysis on the aluminum doped samples with up to
to H'(‘f;b, was determined from resistivity and magnetization in20% Al substitutio® yields the following picture: Al substi-
applied fields up to 140 and 70 kOe, respectively. In thetution first slightly increases, then slightly decrealsés (es-
overlapping field region, the results agree within error barssentially constant whereasH., parallel to the layers mono-
The results on the C substituted samples are also in agretenically decreased-ig. 3, closed symbao)sThe decrease of
ment with the results of Refs. 8 and 9. The “minimum upperH@b is roughly linearly, extrapolating to 0 for30% Al sub-
critical fields” (HIS) were established with a method devel- stitution.
oped by Bud’ko and co-workef8:1 On unsubstituted poly- The decrease oH3® and the almost constant behavior
crystalline MgB,, this method yielded similar resutison the  of Hﬂcz suggests that disorder may not be important in
temperature-dependent anisotropy as measurefiepés-  determining theH., development with Al substitution. In
formed on single crystals. Materials were ground to a fineunsubstituted MgB clean limit (two-band theoretical
powder and mixed with epoxy. The minimum upper critical calculationd®2” compare rather favorably with experimental
field is then visible as pronounced features in the derivativeslata?’-?® These calculations as well as phenomenological
of the magnetization as a function of temperature or fieldconsiderationsindicate that in the low-temperature limit the
(see inset of Fig. 2 As an example, the resulting upper 7 bands are not important for determinimty,: H(0) is
critical field of Mgy Al 1B, is shown in Fig. 2. For this mostly determined by ther bands, as first suggested by
sample, H!5(0)=29 kOe is slightly higher thanH!5(0)  Bud’ko and co-worker&® The upper critical field is related
=25 kOe measured with the same method on an unsubstie the coherence lengththroughH, = £2. In the clean limit
tuted samplé! The significance of the increase is question-at zero temperature, ignoring the difference between GL and

FIG. 1. (Color online) (a) MagnetizationM vs temperaturd in
20 Oe(both zero field cooled and field cooledf Al or C substi-
tuted polycrystalline MgB samples(b) Transition temperaturé,
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and increaseBl!S. However, the decreased DOSEtweak-
ens the electron-phonon coupling, resulting in decreased su-
carbon substituted perconducting gaps anf, (see Fig. 1L The additional ef-
> ; O fects of the substitution on the phonédhsomplicate the
@) + theoretical analysis of the development &f and A . with
=4 200+ substitution level, and experimental reports on the gap devel-
..\ opment are sparse as of yét234*As an approximation, we
m" o can use the experimental values of the transition temperature
100 - . \ shown in Fig. 1, and assunie, = T.
|  aluminum substituted PY The combination of the decreasag and also decreased

vP® results in little change dfll$ as estimated by Eq1), in

-7 accordance with the experiment. The calculation also yields
0.0 0.1 0.2 the substantial decrease B2’ and of the anisotropyyy
100+ observed experimentally. For the out-of-plane upper critical
i /O fields of Mg,_,Al,B,, a similar, but slightly more detailed
80 - . analysis was recently presented by Pettall’ The fact that
= ] carbon substituted the experimental development of the upper critical field can
O 604 O be accounted for by the clean limit formuld) clearly sug-
< gests that effects of increased scattering are not relevant in
our samples of Mg, Al,B, at low substitution levels. This is
different from recently presented results on some single crys-
/—’-.\. tal sampleg? where scattering in ther bands seems to be
aluminum substituted larger, but we again note that subsequent measurements on
crystals from another sourteare more agreeable with our
e e e e ———— experimental results and consequently with the conclusion of
0.0 0.1 02 small effects of disorder by Al substitution.

o . The development dfl, with partial carbon substitution is
additional electrons per umt cell also shown in Fig. 3(open symbols Our results, which
agree qualitatively with the limited results on single crystals

number of additional electrons per unit cell due to(fll symbolg ava'labléo’ll'ls_l_SShOW a drastic Increase 6fc; both paral-
or C (open symbolssubstitution. Grey symbols are unsubstituted '€/ @nd perpendicular to the Ia)c/e_rs, in contrast to the Al sub-
MgB,. (@) HS(0). (b) H'2%(0). Squares in both panels are single Stitution case. The increase M5 is monotonous in the sub-

crystal results from Refs. 14 and 22, open circles in psaehre  Stitution range measured, reaching the high value of 91 kQe,

from Refs. 8 and 9. whereasH!3® peaks somewhat below 400 kOe for C substi-

tution levels around 5%. Figure 4 displays the temperature-
dependent_, anisotropy for C substituted, Al substituted,
and unsubstituted MgBWhereH!2"> 140 kOe H!2° results
from Refs. 8 and 9 have been utilized to calculatgT).
elith the exception of MEB.6Co.1)» and Mg, Al 5 ,B,, where
the T dependence ofy is not obvious, a substantial decrease
of yy with increasingr is seen for all samples. In accordance
with the explanation of they,(T) dependence in unsubsti-
tuted MgB, this indicates that two band effects are still rel-
lic lab2 — llaby lic evant for both Al and C substituted MgBor moderate sub-
Hea(0) = [AOvE I y(0) = VR Jo,. @ stitution levels. The preservation of two distinct
Apart from disorder effects due to the partial substitution,superconducting gaps has indeed been observed directly on
Al doping modifies charge distribution and decreases the latboth Al and C substituted MgB>17:1931-34t is expected for
tice constantsc in particulay.?® The maineffect, however, is moderate substitution levels from band structure calcula-
to dope the system with additional electrons, resulting in aions, but also implies that interband scattering cannot be
shift of the Fermi leveEr to higher energies. For substitu- substantially increased by partial substitutions of either of
tion levels well below 30%, wher&g reaches ther band  these elements. The anisotropy monotonically decreases with
edge at thd™ point® the changes in the electronic structure increasing substitution level, down to about 2 for the samples
are well approximated within a rigid band model. The in- with the highest levels of substitution studied. This decrease
crease OEr decreases the density of statBS) at Er and s rather similar for substitutions by Al and C. This indicates
modifies the band averaged Fermi velocities, primarily in thethat as far as thel, anisotropyis concerned, thenain effect
o bands® For moderate substitution levels, the out-of-planeof carbon substitution igas in the case of Al substitutipm

o Fermi velocity v‘,‘f’(, remains approximately constant, decreased anisotropy ofg, originating from the shifted

whereas the in-plane Fermi veIocityv”FaS substantially de- Fermi level. TheT, depressior{Fig. 1) is also similar for Al

creases. According to Eql) this lowers theH,, anisotropy and C substitution, suggesting that this too may originate

o=

FIG. 3. (Color online) Zero temperature upper critical field vs

BCS coherence lengtlg is related to the superconducting
gap and Fermi velocities b§ecve/A, and the Fermi velocity
anisotropy determines the anisotropy &f Here, v(A) is
defined as the root-mean-squared wave vector depend
Fermi velocity (superconducting gap averaged over the
Fermi surfacdin the case here over thesheets of the Fermi
surface. We may then approximate
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becomes less pronounced upon increasing the substitution
level. Comparing C and Al substitution, the decrease offthe
dependence seemather similar, indicating that it is mostly

due to the intrinsic changes discussed above, rather than dis-
order. For the same electron doping levels, #h€T) varia-

tion is somewhat less strong for the carbon substitution case.
This indicates that upon C doping the scattering is increased
more in thesr bands than in ther bands. A similar conclu-
sion was reached for a 6.3% C substituted single crystal
and for thin films containing carbof{:3° For a more quanti-
tative analysis, a theory treating clean-lirfetectron doping

and dirty-limit (scattering effectson an equal footingvould

be highly desirable.

The effect of higherr band scattering also manifests it-
self in the form of theH., curves, most visibly foH|lc. In
extreme cases this leads to a positive curvaturbll@ﬂ') at
low T.36:38|n contrast to “dirty films” result®3°we did not
observe such a positive curvature, but compared to unsubsti-
tuted MgB,, the negative curvature df!5(T) was signifi-
cantly decreased for the C substituted samples. For 10% C

FIG. 4. (Color online) Upper critical field anisotropyyy vs  substituted MgB,H!S(T) was found to be almost linear at
temperaturdr, for unsubstituted, aluminum substituted, and carbon|q, temperatures. The tendency of decreased negative cur-
substituted MgB. The results from 6.3% C substitutegingle crys-  yatyre ofH!S(T) with increasing C substitution is also seen in
talline) MgB are from Ref. 14. single crystal measuremehitd*15and supports the conclu-

sion of mainly additional scattering in the bands causing
mainly from the shift ofEg and similar changes of phonon the H, enhancement. In contrast, in the Al substituted
modes. samples, theH(T) curvature is not significantly affected

However, the drastically differentl., magnitudein C  (see Fig. 2, again indicating lessr band scattering.
substituted SampleS cannot be eXpIained within this piCture. To account for an upper Critical f|e|d that iS much |arger in
The difference to the Al substitution case is far too large toc sybstituted MgB, C substitution has to increase scattering
be accounted for by different behavior of the lattice constants, the 7+ bands more relative to the bands, and much more
or phonon modes, particularly given the above similarities inthan Al substitution does. That a substitution within the bo-
Tc and yy vs electron doping level. Rather, the very strongron layers would increase scattering more than a Mg site
increase ofH, points to the relevance of scattering in the gypstitution is hardly a surprise. It is, however, surprising
case of carbon substitution. Due to the two band nature qﬂqat the increase in the Scattering iS predominant'y in the
superconductivity, three different scattering rates have to bgytraband scattering in the isotropic bands. In partly C
taken into account: interband scattering and intraband scagypstituted thin films, the effects of increasedand scat-
tering in theo and 7 bands’ We note that the observation of tering are much |arge[ras visible both in thd—ch(T) curve
constantA,,/ A, ratios by spectroscopic medaindicate that  forms and in ther dependence of the anisotrdp¥his scat-
the interband scattering rate is hardly affected by moderatgermg has been attributed to a buckling of thB planes,
levels of C substitution and may pe neglected as in U”SUbStiEntativer due to nanophase precipita¥e® However, such
tuted MgB,. However, a recent point contact study on MgB hrecipitates are unlikely to be present in our polycrystalline
crystals containing high C substitution levels suggest that th§amp|es or in single crystals, and we therefore conclude that
interband scattering rate may be important, particularly forap, jncrease of ther bands scattering is an intrinsic property
high substitution level$> Calculations within “intraband  of ¢ substitutionThis is in contrast to the aluminum substi-
dirty limit” **%" can indeed explain very drastic increases ofytion case, where considerable variations of the significance
Hco, much larger than in single band superconductors. of 7 bands scattering exist for different sampi@4 recent

These dirty limit calculations also yield a temperature de-rst principles electronic structure stutlyon C substituted
pendentH., anisotropy, as the clean limit calculations do. MgB,, taking into account disorder effects, found a larger
However, here thd dependence o, also depends on the requyction of the mean free path in teebands, which is in
ratio of the scattering in the anisotropicand in the nearly  contrast to our analysis. However, there are a variety of ef-
isotropic 7w bands. If the intraband scattering is much largerfects that are more involved to include in a calculation, e.g.,
in the o bands than in ther bands, a decreasing,(T) de-  carhon induced local distortions in the structure, as suggested
pendence is expected, whereas the opposite case results in@pa single crystal x-ray diffraction stud§.Since the large
increasing y(T) dependence. Starting from the unsubsti-increase oH,, in C substituted MgB and related scattering
tuted MgB, with a decreasingy(T) dependence, a low level rates are important for potential applications, additional the-
partial substitution mainly increasing tla€) bands scatter- oretical studies are clearly desirable, as would be a clear
ing, should lead to a moréess pronouncedyy(T) depen-  experimental demonstration of a procedure boosting scatter-
dence. As we can see from Fig. 4, thg(T) dependence ing mainly in theo bands.
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In conclusion, whereas the development$ with par-  this is yet to be resolved, calling for further theoretical work.
tial aluminum substitution can be understood within a simple
rigid band picture, disorder effects are responsible for the We thank V. P. Antropov, V. G. Kogan, and S. A. Law for
|arge enhancement Of tHdCZ magnitude Of Carbon Substi_ useful discussions. Ames Laboratory IS Operated for the U.S.
tuted MgB,. In contrast and importantly, the development of Department of Energy by lowa State University under Con-
the He, anisotropy and’, are remarkably similar for the two tract No. W-7405-Eng-82. This work was supported by the
substitutions. Furthermore, scattering within thebands is  Director for Energy Research, Office of Basic Energy Sci-
increased much more by carbon than by aluminum substituences. M.A. gratefully acknowledges financial support by the
tion, and more than scattering in tieebands. The origin of Swiss National Science Foundation.
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