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Search for new superconductors in the Y-Ni-B-C system
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We have searched for superconductivity in a wide variety of stoichiometries in the Y-Ni-B-C
system, using Y(NiB)C, phase spread alloy thin films and the magnetic field modulated microwave
absorption technique. The superconducting critical temperaiyevaries with the stoichiometry,
showing the highest .. for a Y/Ni ratio of 1/2, attributed to the YNB,C phase. We found no other
superconducting phases withTa higher than 10 K. Furthermore, a search igfN¥8(C, _,N,),, and

Y NiBN, phase spread alloys showed no superconductivity. 1997 American Institute of
Physics[S0021-89707)01705-3

I. INTRODUCTION was detected in the boronitride films, that is, films grown in
a partial nitrogen gas pressure.
Since the initial discovery of the cuprate high tempera-
ture superconductors, the search for new superconductors has
intensified. A wide variety of materials with a high supercon-1l. EXPERIMENT

ducting critical temperatureT() have been discovered, in- . o
: : . : : . Y-Ni-B-C phase spread alloy thin films were prepared
cluding highT. cuprates, organic materials, and intermetallic ; . .
by simultaneous cosputtering from three sputtering guns. All

compounds. Because all of these complex materials <:onsistthree sputtering qun&9.5% purity Y, NiB, and € pointed

of sever_al elements, the search fqr new superconduc_tors {Bwards the substrate with the substrate holder in a fixed
very tedious. In order to address this problem, we prewousl;%

developed a technique useful for the search of new superco 100) substrates ranging in size from 2.5 b0 mm to 5

ductors in complex systenisietection technique for super- mmx10 mm. The substrates were cleaned ultrasonically in

conductors using phase spread alloys and magnetic field . R,
modulated microwave absorptiofDSPM].2 Briefly, this acetone and methanol before bonding them with indium onto

method consists of growing “phase spread alloys,” ﬁImSthe substrate holder. The argon sputtering gas pressure and

with a continuously varying composition, and detectingthe substrate temperature were kept constai 430

small traces of superconductivity in these films using mag_mTorr, Ts=900 °Q, while the power outputs of the three

netic field modulatedMFM) microwave absorption. The sputtering guns were varied for each sample. The dc power

- ! o . _output ranged from 4 to 12 W for the yttrium gun and from
feasibility _and hlgh sensitivity of this method was demon 20 to 41 W for the carbon gun. An rf power supply, set
strated using higf; cuprates.

i . . between 12 and 91 W, was used for the NiB gun. After
Among the newly discovered intermetallic supercon-

ducting compounds are the borocarbides and nitrides. Th%fzvotl ?%Treats ZTeprifseg?l;?e %(?sltgggiﬂed in a vacuum of
highest T. in this class of materials is 23 K for b X

: In order to grow Y,NiB(C;_,N,), (boronitrides, nitro-
YPd;B .2 The YNi,B,C (1221) phase has a bulk, of z72)y
15.(25’5K3;‘%0\}3hile the YNZiBZC (ill])])pﬁase was reportec? to be 9€N gas was added to the argon sputtering gas. Thraftal

L . pressure was varied from 0.2 to 9 mTorr, while the total gas
non-superconducting in bulk® There are also claims of su- ressure was maintained at 30 mTorr. As we increased the
perconductivity with aT. of 15.9 K for the bulk YN;jB,C P :

(1441 phas€. The layered structure of these compounds,'\I2 pa_rt|al pressure, the carbon power ogtput was reduced
A . L stepwise from 20 to 0 W, thus to insure nitrogen incorpora-
consisting of NjB, and YC planes, is similar to the structure

X . tion.
of t.he highT OX|de.superconductolBsNhere theT; has bee_n The film thickness was determined by measuring several
claimed to vary with the number of Cy(lanes per unit

cell®. Superconductivity was also reported in the boronitrides"’.lmples with a contact profllometer...The thlc.k ness var'led

compound LaNi.B.N. 10 slightly depending upon the deposition conditions, being
IFr)1 the Wogr\lk fjezscgri.bed here. we anplied the DSPM tech.YPically 1100100 A. The structure of the films was char-

' PP cterized using x-ray diffraction. The x-ray diffraction data

nigue to the search of superconductivity in borocarbide an(? . .
L i ; rom our films were compared with measurements taken on
boronitride films. We found that all borocarbide samples

. . ’8 . .
with a T, greater than 10 K had a significant fraction com- bglk Y'.\I'ZBZC’ published Qatﬁ, and W'.th simulated powder
) . diffraction patterns of YNiB,C and YNIBC. For the powder

posed of the YNB,C phase, and no new phases with a . . . )
T.>10 K were discovered. In addition, no superconductivityd'ﬁr"jmt'.On pattern _S|mulat|on, we used the tetragonal

c ' ’ ThCr,Si, structure witha = b = 3.53 A andc=10.57 A for
the YNi,B,C phaséanda = b = 3.6 A andc=7.6 A for the
30n leave from the Technishe Universitdiinchen-Walther Meissner In-  YNIBC phase? respectively.

stitut, 85748 Garching b. Mchen, Germany. i iti -Ni-B-
DElectronic mail: hoffmann@ucsd edu The chemical composition of the Y-Ni-B-C phase spread

9Present address: Physics Department, University of West Virginia, Mor2/l0yS was analyzed with energy dispersive x-ray _mi'
gantown, WV 26506-6315. croanalysis(EDX) and Auger electron spectroscopy, using

osition above the guns. The films were deposited on MgO
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TABLE I. Change ofT# with increasing substrate temperattite All other TABLE Il. Effect of post annealing for Y-Ni-B-C phase spread alloys. One
deposition parameters are fixed and each sample has the same Y/Ni ratio smple was sequentially annealed several times for 12 min at 1000 °C in

0.5. vacuum.T# increases, whereas the Y/Ni ratio stays constant at 0.5. The
intensity (°°412%) of the YNi,B,C (004) x-ray diffraction peak normalized
Sample number T, (°C) T4 (K) to the (200 peak increases, while at the same time the full width at half
maximum(FWHM) of the rocking curve of thé004) peak ['%%) decreases.
1 800 110 ( ) g €004) peak ("ze)
; ggg 12‘7‘ Total annealing T g 204
: time (min K | 00471200 degree, degree
4 950 132 (min) (K) (degreep (degreep
0 12.7 12.6 1.5 34.03
12 13.2 21.1 1.2 33.98
24 135 93.3 1.0 33.90

polycrystalline YN}B,C as a standard. The Y/Ni ratio varied
typically by 10% over the length of the phase spread alloy

film, and the values shown in this article represent an aver- o )
age value, which was determined at the center of the film. increase in intensity of th€04) peak and a decrease of the

The presence of a superconducting phase in our v-Njfocking curve width(see Table . These results are similar

B-C phase spread alloys was determined using MFM microl© the cha_ngeiobs_,erve_d by Arisaetal. for postannealed
wave absorption. For these measurements the sample w¥&!i2B2C films. This might be due to an improved crystal-
placed in a TE102 cavity of an electron-spin-resonance spednity of the 1221 phase after annealing and could therefore
trometer operating at a frequency of 9.2 GHz. To separat8/SO explain the increase T . _ _

the signal of the sample from that of the cavity, we applied a  F1om EDX we could only determine the Y and Ni con-
20 Oe external dc magnetic field, modulated at 260 Hz witent in the Y-Ni-B-C phase spread alloys, since this method
a peak to peak amplitude of 10 Oe. The temperature depef NOt sensitive to low mass elements. Unfortunately, it

dence of the microwave absorption measured this way showoved unreliable to determine the exact carbon content in
a peak neafl,. The superconducting onset temperatiife these phase spread alloys with Auger electron spectroscopy,

is defined as the temperature above which the MFM microSince carbon is a common surface impurity and the analysis
wave absorption signal is reduced below the background/a@s carried ouéx situ Therefore we investigated the change

noise level. A major advantage of the MFM microwave ab-Of Tc with various power levels of the carbon sputtering
sorption method, when compared to magnetization or trang@Un- An increased carbon gun power resulted in a higher
port measurements, is its high sensitivity, e.g., traces O_]'é‘, and an increase of the Y/Ni ratio. A possible explanation
YBa,Cu;0;, as small as 5107 cn?® can be detectett. is that with an mcrea_sed carbon conter_lt more YC_Z Iay_ers are
In addition to determining ™ with the MFM microwave fprmed, thus_ increasing the incorporation of yttrium in the
absorption, we measured the magnetization and the magnfim- At refatively high carbon powete.g., P(C)=22 W,
toresistance as a function of temperature and external fielf(Y) =7.5 W, andP(NiB) =45 W), YC, was also detected
for several superconducting samples. Magnetization dat the x-ray diffraction patterns. Most films, which showed a
were obtained using a SQUID magnetometer, with thelc larger than 11 K, also have small amounts of M@pu-
samples aligned parallel to the applied external field in ordeP!ties- o - _
to avoid demagnetizing effects. Transport measurements After optimizing the growth conditions to obtain phase

were performed in a He-flow cryostat with a four point tech-SPréad alloys containing the 1221 phase witfteof 15.1 K, |
nique. we attempted to change the number of YC planes peBNi

plane. To accomplish this the power output of the NiB gun
was varied systematically.

Figure 1 showsT% as a function of the Y/Ni ratio. A

Before attempting the growth of new compounds in thegiven Y/Ni ratio may have several different critical tempera-
Y-Ni-B-C system, we optimized the growth conditions of the tures T4, due to variations in the B and C contents. The
1221 phase. The deposition rates of the Y, NiB, and C gunkighestT# (up to 15.1 K is observed in samples with an
were independently adjusted so as to obtain Y-Ni-B-C phas&/Ni ratio of approximately 1/2. For Y/Ni ratios deviating
spread alloys close to the 1221 stoichiometry. After this, wefrom 1/2, there is a clear decrease of the critical tempera-
optimized the substrate temperature to achieve the highesires.
possibleT#, T# increased from approximately 11 to 13 K as Figure 2 shows x-ray diffraction data for various Y-Ni-
the substrate temperature increased from 800 to 9588€ B-C phase spread alloys with different Y/Ni ratios. Clearly
Table ), while films grown at room temperature were not the 1221 phase is present in the films with an Y/Ni ratio of
superconducting. A similar change { was observed by 0.15 and 0.54, while the 1111 phase is dominant in the film
postannealing the samples that were grown at 900 °C awith an Y/Ni ratio of 1. For the film with a Y/Ni ratio of 2 it
1000 °C in vacuum. The change of due to postannealing was not possible to identify the dominant phase from the
is shown in Table Il. Together with the increaseTdf there  x-ray diffraction. Remarkably, the films with an Y/Ni ratio
is a c-axis expansion of up to 1%, approaching the bulkaround 0.15 show no traces of the 1441 phase in the x-ray
value for thec axis. This is detected by x-ray diffractideee  diffraction patterrf, but instead show the presence of the
Table Il). After postannealing the films showed a decrease irl221 phase. In general, Y-Ni-B-C phase spread alloys with a
the c-axis mosaic spread of the 1221 phase, as shown by af¢ abowe 7 K show traces of the 1221 phase, even if their

Ill. RESULTS AND DISCUSSION
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Although films predominantly containing the 1111 phase
F'%-O %)Tc? (;fr?gﬁd"é';’i‘/r'];\rﬁ Yég;;ati? étfé?;?ifr:gig%d lz(yriDﬁ:grfﬂg’osngrig"r";‘arke exhibit superconductivity, this does not imply that the 1111
\?vtith différent symbols ({)221: ,squares, 111)1: triZ\ngIes, uni’dentified: (bhas_e |s_superconduqlng._S!nce th? MFM mlcrowave_ ab-
crosses Solid symbols indicate as grown samples, while open symbolsSOrption is very sensitive, it is possible to detect a signal
refer to postannealed samples. from superconducting phases which do not show up in the
x-ray diffraction. The change dof/ with the Y/Ni ratio sug-
gests that the superconductivity observed in these samples is
Y/Ni ratio deviates significantly from 1/2. The samples with either due to YNjB,C, especially fofT#> 10 K, or to other
an Y/Ni ratio ranging from 0.7 to 1.5 showed predominantly known binary or ternary compounds, e.g., XJ.=3.8 K,
the presence of the 1111 phase and a strongly redifed YBg: T.=6.5 K, and YBC,: T.=3.6 K1
The clear evidence of the 1111 phase in the x-ray data After exploring the different phases of the Y-Ni-B-C
shows, that although deposition paramet@rg., the sub- system, we attempted the growth ofNiB(C, _,N,) by add-
strate temperatuyewere optimized for the 1221 phase ing nitrogen to the sputtering gas. The incorporation of ni-
growth, it is possible to grow other phases in the Y-Ni-B-Ctrogen was verified qualitatively from Auger electron spec-
system by varying the relative power settings of the differentroscopy, although no crystalline phases were observed in the
sputtering guns. Of course, it may still be the case that undext-ray diffraction data. None of these films showed any traces
considerably different substrate temperature a yet undiscowsf superconductivity. However, due to the lack of clear dif-
ered phase maybe present. fraction evidence, it is not possible to exclude the existence
of superconductivity in the crystalline phases of boronitrides.
The magnetization and magnetotransport of the Y-Ni-
B-C films with the highestT4 were measured. Figure 3
10 T . T shows the magnetization as a function of temperature and
o] 2 YNi=015 field for the sample with the highe$t of 15.1 K and a Y/Ni
10 ratio of 0.57(sample A. The magnetization versus tempera-
3
(112)

10 (004) ture measurementsee Fig. 3awere performed in an ap-

Joy ymi-0.54 110) phed external field of 5 Qe, first z_erq-fleld_ cooled and then
= 109 (002) (101) * / field cooled. AboveT; a diamagnetic signal is observgd frpm
8 the MgO substrate. The onset of the film diamagnetic signal
%‘ gives a critical temperaturdl’ 2"=12.8 K, compared to
g 10 i T#=15.1 K, measured with the more sensitive MFM micro-
E Jom= wave absorption. We attribute the difference betwdch

101W and T# as resulting from the existence of superconducting
10% phases above 12.8 K which are not detected in the magneti-

o Ywi=2 R zation measurements. In some samples, the magnetization
10 versus applied external magnetic field exhibits several dips
1> . . (e.g., for sample A at 60 and 100 Oe, see Fig, Possibly

20 30 40 due to the presence of other phases or perhaps more interest-

20 (degrees) ingly due to dimensional transition in the flux line lattite"®
The electrical resistivity of samples Aannealed,
FIG. 2. X-ray diffraction patterns of four samples with different Y/Ni ratios. Té‘=_15.1 K, Y/Ni=0.57) and B (as gr_own,T{;‘=1_2_.8 K,
The different diffraction patterns are shifted relative to each other by factorsY/Ni=0.12 showed superconducting transitions at
of 100.T¢ are:(a) 12.8 K, (b) 13.5K, (c) 6.4 K, and(d) O K. For clarity the  T#=14.1 K andT?=11.3 K, respectively, witiT? defined as

main MgO (100 and (200 substrate peaks were eliminated, and ; ; " sap
MgO (200 reflections are indicated with an aster{k. The YNi,B,C (abg the m|dp0|nt of the transition. AgalnTC measured by the

and YNIiBC [abc] peaks are marked with the corresponding Miller indices, fransport measurem_ents is slightly lower t%_ d_ue to the
while a plus sign(+) corresponds to thé002) peak of YG. need for a percolating network in the resistivity measure-
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and
2K2HC1—(|nK+ 1/2)H,=0, (4)

where k=\/¢ and ¢ is the flux quantum. Solving Eg. 4
numerically for «, using H¢,=100 Oe and—|C2=6 kOe for
sample A, gives a value of=37, and using Eq. 3,=260

nm andé=7 nm. These results vary somewhat from sample
to sample, with values 0k=15-40,A=120-300 nm, and
£=5-10 nm. This data is in good agreement with other mea-
surements on bulk YNB,C single crystals, where values of
Nap=150 nm andé,;=10 nm were reportetf

H,(M
T

IV. CONCLUSION

We have applied a phase spread alloy techni@&PM)
to search for new superconductors in the Y-Ni-B-C system.
FIG. 4. H, vs T for sample AannealedT=15.1 K, Y/Ni=0.57 and for Filmg with different Y/Ni ratiq; ranging from 0._1 to 2.3 were
sample B(zas grown,T#=12.8 K, Y/Ni=0.12. For each sample the tem- obtained, and superconductivity above 7 K, with a maximum
perature is normalized to its zero-fiefd The two solid lines are linear fits Tc Of 15.1 K, could be attributed to a polycrystalline
to the data below 7 T. YNi,B,C (1221 phase. Films with a Y/Ni ratio of approxi-
mately 1 were predominantly composed of polycrystalline
YNIBC, although the superconductivity may be due to bi-
nary or ternary impurities or traces of the L,B,C phase.
¥ilms with a Y/Ni ratio higher than 1.6 were not supercon-
ducting. Therefore, besides YJ®&,C, no new phase with a
T. above 10 K was found in the Y-Ni-B-C system. More-
over, no superconductivity was detected in films grown with

both samples. nitrogen added to the sputtering gas, to grow
The temperature dependencel-ﬁ)(fz, obtained from the Y,NiB(C,_,N,), compounds. Finally, magnetization and

magnt_atoresistance data, is shown in Fig. 4. As expectled fro%agnetoresistance data of the films with the higHBss
the Ginzburg-Landau theofy,both samples show a linear gp o conventional type I superconducting behavior.
temperature dependence bf;, over a wide temperature

range. An upper limit f0|Hc2 at T=0 K was obtained from
the slope in the linear regidhbelow 7 T using:
oM, ) The authors thank Professor K. Andres for arranging the
2
T=T

T

ments. The superconducting transition width is considerabl
larger in the more inhomogeneous sample BT{=6 K),
than in A (AT£=1.2 K). Upon application of an external
magnetic field,T? decreased, but T2 remained constant for
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