RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 58, NUMBER 6 1 AUGUST 1998-lI

First-order spin-paramagnetic transition and tricritical point in ultrathin Be films
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We report measurements of the parallel critical magnetic field of thin superconducting beryllium films
with T.~0.6 K. The critical field transitions were spin-paramagnetically limited and found to be strongly
hysteretic below a tricritical point af,;=190 mK. The magnitude of the hysteresis ang were observed
to be completely suppressed in field misalignmeéits1°®°. Time relaxation measurements in the hyster-
etic regime showed simple exponential decays in the highest quality flms and nonexponential decays inter-
spersed with avalanches in more inhomogeneous sanjSieé$63-18208)51030-3

The parallel critical magnetic-field behavior of thin-film the avalanche behavior revealed a power-law size distribu-
superconductors has garnered a great deal of theoretical atidn D(s)~s™2.° Furthermore, angular studies of the hyster-
experimental interest over the past 30 yédrin sufficiently  esis showed an exponential decrease in its magnitude with
thin films the orbital currents are suppressed and the councreasing field misalignmefitThe characteristic angle of
pling of the field to the electronic spins drives the systemthis dependence wad,=2.4°. These observations raised
into the normal state in what is commonly known as the spinseveral important unanswered questions about the origin of
paramagnetic transiticshMuch of the interest in this transi- the critical field hysteresis and its associated glasslike dy-
tion can be traced back to the pioneering theoretical work ohamics.

Clogston and Chandrasekitarhich predicted that a parallel  In particular, it is still not known what role microscopic
field, H;, would limit thin-film superconductivity by way of film morphology plays in the nonequilibrium behavior. Alu-

a first-order transition when the Zeeman splitting of the quaminum films are highly granuld? and global superconduc-
siparticles was equal to the superconducting condensate efivity in these films is mediated by intergrain Josephson
ergy. In terms of the transition temperatufig,, the transi-  coupling”** High resistance granular Al films also show
tion occurs at a critical fieldHy~(1.86T/K)T..?2 In  clear evidence of grain charging effeéf€ Since Josephson
practice H., can be more than an order of magnitude greatecoupling and grain charge quantization are incompatible,
than the perpendicular critical fieltH.,.* A more in-depth  the anomalous dynamics of Al films may result from com-
analysis of the spin paramagnetic transition showed it woulgbetition between these two phenomena. Furthermore, a first-
be of first order only in systems with a sufficiently low spin order spin paramagnetic transition has never been conclu-
orbit scattering rate, %/,; otherwise the transition is second sively found in any material other than Al. To see tricritical
order? In the limit of 1/7,,=0 the transition was predicted to point behavior in another system would eliminate the possi-
go from second order to first order at a tricritical poiry; bility that Al is pathological in parallel field and would pro-
~0.6T..5 Early experiments on thin, superconducting, vide an important test of theofy** In this paper we present
granular Al films with transition temperaturds~2 K sug-  an investigation of the spin paramagnetic transition in thin,
gested that in AlT,;=0.34T..° However, these measure- nongranular beryllium films witil.~0.6 K. We have dis-
ments were only carried down to 400 mK, and no significantcovered a first-order spin paramagnetic transition and a tric-
hysteresis iH, was ever found to substantiate a first-orderritical point at T,;=190 mK. Angular studies of the critical
transition. field hysteresis reveal that Be films are six times more sen-

Recently, parallel magnetic-field studies of granular Alsitive to field alignment than Al film& Furthermore, in con-
films were extended to lower temperatures and a giant hydrast to the glassy behavior of granular Al films in the hys-
teresis was found in the parallel critical fiehtl,, below 270  teretic regior, the time dependence of our most
mK.”® This work conclusively demonstrated a tricritical homogeneous Be films are exponential in character with a
point at T,;~270 mK in Al (T,~0.15T.), independent of decay rate that is a strong function|éf,,—H,|. Our results
film sheet resistanceThis discovery offered a unique op- suggest that film morphology plays an important role in de-
portunity to study the dynamics of the Al films in the hys- termining the dynamics of the nonequilibrium state.
teretic regime where they could be brought far out of ther- The Be films used in this study were made by thermally
modynamic equilibriunt. The results of these experiments evaporating 99.5% pure beryllium powder onto fire-polished
revealed some rather unusual behavior. Relaxation to equiflass substrates held at 84 K. The evaporations were made in
librium in fields just belowH, was observed to occur via a 4x10 ’ Torr vacuum at a rate-0.10 nm/s. The film area
very slow, glasslike, stretched-exponential relaxations interwas 1.5 mnx4.5 mm. The resistance of the Be films was
spersed with numerous avalanches. A statistical analysis aheasured during the evaporation. Typically, electrical conti-

0163-1829/98/5@)/29524)/$15.00 PRB 58 R2952 © 1998 The American Physical Society



RAPID COMMUNICATIONS

PRB 58 FIRST-ORDER SPIN-PARAMAGNETIC TRANSITIO . .. R2953
T T 1 { 1 T
T T T T T T
300 ] I
/——" 300 |
? ; | A
® 200f ! 1 .
g ! 200 R . 1
x

2
(=]

R (Q2/sq)
~—
—_—

100 - .

0 ’ ' I .
0.5 0.55 0.6 0.65 0.7 0.75 0.8 0 - " | | )
T 130 131 132 133 134 135 136 137
H, (T)

FIG. 1. Superconducting transition for a 4.2 nm nominally thick
Be film in zero magnetic field. FIG. 2. Parallel critical magnetic-field transition at 30 mK

showing hysteresis. The arrows depict the field sweep direction.
The field sweep rate was 0.25 G/s.
nuity was observed at a film thickneds-1 nm2® This ex-
ceedingly low threshold for continuity reflects the fact thatfilm was 4.2 nm. The actual metallic thickness wa3.0 nm
the Be formed astonishingly uniform films on fire-polished after oxidation in air. From measurements daifl.,/dT at
glass. Scanning force micrographs of the films’ exposed oxT, ,18 we calculated a mean-free path lgE=64 nm and a
ide surface did not reveal any salient morphological featuregoherence lengtig,=56 nm for the film in Fig. 1. Though
down to the 0.7 nm scale. In fact, the films seemed to be aBulk Be has a very lowr?“*~26 mK, it has been known
“smooth” as the fire-polished glass on which they were de-since the late 1950’s that quenched condensed Be films
posited. In addition, analytical transmission electron microsfjims evaporated onto liquid helium cooled substratesve
copy was used for microstructural analysis of 15-nm-thicksurprisingly high transition temperaturtsn fact, quenched
Be films deposited on cleaved NaCl crystals at 84 K. Highcondensed Be has the highest elemental transition tempera-
magnification (250,000<) micrographs revealed that the e T~9 K~400chwlk_ Unfortunately, warming a
films were composed of an ultrafine base structure that wagyenched condensed Be film to room temperature causes an
interspersed with 5-15 nm Be nanocrystallites. Electron difjyreversible structural transition and the high transition tem-
fraction studies showed no diffraction from the metallic baseperature is lost® Nevertheless, Fig. 1 demonstrates that be-

structure suggesting that it was amorphous. Similarly the oxpyeen fabrication and measuren@nthin Be films can be
ide (BeO) produced a broad, continuous diffraction ring in- handied in air and still havé,> 1O-|—kgulk'

. . . . . 16
dicating its grain size was:1 nm: , o In Fig. 2 we show the parallel critical field transition at 30
For the purposes of the present study, films with thick-n for the film in Fig. 1. The field was swept at a rate of
nesses of~4.0 nm and normal state sheet resistanegs

=300-50002/sq proved to be ideal. Significantly thicker ————————————————
films showed a depressed tricritical point due to finite thick- 1.389 |
ness effects and thinner films wit,> 1 kQ)/sq had signifi-
cantly lower T.'s (i.e., T.~65mK for a film with R,
~5k/sq). After the evaporation, the bell jar was opened
and the Be films were exposed to air. A surface oxide layer
subsequently formed on the film’s surface. The thickness of E_ 1.369 -
Be consumed by the oxidation was found to be 1.0-1.5 nm & i
as measured by a transient upward drift in both the crystal ;501
thickness monitor reading anR,,. We also exposed the
films to 1 atm of ultrapure @and found no significant dif-
ference in the final oxide thickness. We believe that the ox-
ide layer was a self-limiting barrier tydé.Four-wire resis-
tances were measured with probe currents of 50 nA using a T e T
lock-in amplifier operating at 27 Hz. The samples were
cooled down to 30 mK using a dilution refrigerator operating T (mk)
in magnetic fields up to 9 T. Film orientation to the applied g, 3. parallel critical fields versus temperature measured from
field was controlled with 0.1° resolution by an situ me-  field sweeps at fixed temperatures for a film wiRh=3100/sq.
chanical rotator. The squares depict up-sweep transitions and the triangles are down-
Shown in Fig. 1 is sheet resistance versus temperature &weep transitions. The solid lines are a guide to the 8ysuper-
zero field for a Be film with a normal-state resistanceRaf  conducting phaselN: normal phaseCE: coexistence region. The
=300Q)/sq and ar.=0.62 K. The nominal thickness of the arrow indicates the tricritical point.

1379 |

1.349 -




RAPID COMMUNICATIONS

R2954 P. W. ADAMS, P. HERRON, AND E. |. MELETIS PRB 58
5.1 . 400 ———————T——
200[T | [
a6} 150 i - I
100 ! i ] 300 | ]
41 50 i 1 ~ _'
S 0 2 i :
g 361 01 01 03 05 07 09 1.1 g 200 | T T
N @ (deg) T 1 1
341 I z : |
' ] 100 i 1
26k i 0.03 0.035 0.04
| Hy-1.30T
0 i
3N | TR — N -
-0.1 04 0.9 14
© (deg) I l
300 """ Rn :
FIG. 4. Semilog plot of the hysteresis width as a function of I 1
field angled (parallel orientation corresponds #=0) at 30 mK. _
The line is a least-squares fit to the data and gives a characteristi® 2 [ 1
angle of§.=0.4°. Inset: Tricritical point as a function of angle. g 207 1 ]
o« 1 v
0.25 G/s in the directions depicted by the arrows in the fig- 100 | —_— 1
ure. The values of the critical fieldd,~1.3 T are in rea- - ]
sonable agreement with the Clogston limit dfl /
=(1.86 T/K)T;=1.15T and are more than an order of mag- L
nitude greater than the perpendicular critical field,, °0 5000 10000 15000

=0.106 T. Note the large hysteresisth, and the extraor-
dinary sharpness of the transitions. The transitions are, in
fact, approximately 0.5% wide as measured from 10% to FIG. 5. Top: Time relaxation of sample No. 14B after sweeping
90% of the normal-state resistance. In comparison, the tranke field up to the point whe®~0.1R,,. The solid line is a least-
sitions in Al films are about 4% wid€This difference prob- squares fit to the data using an exponential form. Inset: Relaxation
ably reflects the unusually high degree of homogeneity of theates of sample No. 14B at variety of fields in the hysteretic region.
films. The hysteresis shown in Fig. 2 was extremely sensitiv@ottom: Time relaxation of sample No. 14A after sweeping the
to the field alignment. Parallel alignment was, in fact, field up to the point wher&k~0.1R,,. The arrows point to ava-
achieved by varying the sample angle in order to maximizdanches. Samples No. 14A and No. 14B were fabricated simulta-
the magnitude of the low-temperature hysterésée discus- neously.
sion below. This technique enabled us to find parallel align-
ment to within 0.1°. dence of the low-temperature hysteresis. In Fig. 4 we present
Shown in Fig. 3 are the parallel critical fields as a functiona semilog plot of the magnitude of the hysteresidy.,
of temperature for a film witlR,=310Q/sg. The triangles which is defined as the difference in the up-sweep and down-
represent the down-sweep midpoint critical fields and thesweep critical fields, as a function of the angle of the film
squares are the up-sweep critical fields. At the lowest temrelative to the magnetic field. Parallel orientation corre-
perature the hysteresis is about 300 G. We believe that thisponds tod=0°. Note the exquisite sensitivity of the hys-
indicates unambiguously that the spin paramagnetic transteresis to angle. Misalignments greater than about 1° were
tion is first order. As the temperature is raised, the first-ordeenough to completely wash out the first-order transition. The
transition gives way to a second-order transition, as evilinear behavior in Fig. 4 suggests an exponential depen-
denced by the disappearance of hysteresis above a tricriticdence, AH (8)=AH_.(0)exp(6/6;). The solid line is a
point at T;=190 mK. Thus Fig. 3 can be interpreted as aleast-squares fit which gives a characteristic angle
phase diagram, wher& represents the superconducting =0.4°. Aluminum films have a similar angular dependence
phase,N the normal phase, an@E a coexistence phase but with a much larger characteristic anglg=2.4°8 It is
whose microscopic nature is still poorly understood. Thoughuncertain whether this difference is due to an intrinsic el-
the Ty; is lower than that of Al T,;=270 mK), the first- emental property of the films or to the differing morpholo-
order transition is actually more robust in Be than Al. In Be gies of Be and Al films. For instance, the granular Al films in
films Ty /T.=0.33, but in Al filmsT,;/T.=0.15. This is Ref. 7 were nominally 5 nm thick in contrast to thel.5 nm
almost certainly due to the lower atomic mass of Be resultingnetallic thickness of the Be films used in this study. In the

Time (sec)

in a smaller spin-orbit scattering rate than that ofAHow-  inset of Fig. 4 we show the angular dependence&ef Tilt-
ever, the Be ratio is still a factor of 2 below the theoreticaling the field not only suppresses the magnitude of the hys-
valueTy;/T,=0.6> teresis but also the tricritical point. To date there is no theo-

In order to further probe the phase diagram shown in Figretical description of these angular dependencies.
3 we made extensive measurements of the angular depen- Finally, we investigated the dynamics of the films in the
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hysteretic region. This was done by monitoring the film re-of No. 14B. We saw a similar correlation in other samples,
sistanceR, while ramping the field up to a point just below which suggests that the avalanches and nonexponential de-
H¢ at a rate of 1-2 G/s. The field sweep was stopped anday were a result of film inhomogeneities and/or disorder.
the magnet put into persistent mode when a selected fractiopve believe that by sweeping the field up to a point wige

of the normal-state resistance appeared in the sample. We finite, we are, in fact, nucleating normal phase regions in
then monitoreR as a function of time as the film relaxed to the film. Clearly, these regions must be of sufficient size and
thermodynamic equilibrium. Shown in the upper portion of gensity to preclude a percolating zero resistance path along
Fig. 5 is such a time relaxation for the sample in FidN®.  he direction of current flow. After the field sweep is halted,
14B). The solid line is an exponential fit to the data, assUMype size of the normal regions grows with time. Thus the
ing the decay begins from the value®ft the time the field relaxations in Fig. 5 represent the dynamics of the phase
sweep was stoppedz0~509/sq. The dgcay rate was very boundary between the normal and superconducting regions.
sensitive 1o the field, as can be seen n the inset of Fig. derhaps the pinning of these phase boundaries on defects and
Presumably the zero rate intercept of this plot represents tr\ﬁhomogeneities is responsible for the behavior we see in the
thermodynamic critical field. lower portion of Fig. 5.

In similar experiments on granular Al film_s the “'_“e de- In conclusion, we observe a robust first-order spin para-
pendence oR was always stretched exponentialin fofie., 1, 34netic transition in Be films quenched condensed at 84 K.
R(t)~exp(/t)] with large numbers of avalanches superim-1easurements of the dynamics in the hysteretic regime show
posed on the relaxation curv‘éstnterestmgly, the time de_- “that Be films may relax via simple exponential decay or
pendence of some of our uniform Be films behaved simivqre complex decays involving nonexponential time depen-
larly, for reasons that are not completely evident. Forgence and avalanches. The fact that exponential decays are
example, the data in the bottom portion of Figsample No.  geen in many Be films but never seen in granular Al films
14A) have a much slower relaxation rate, though, R,,  guggests that the avalanche behavior is a consequence of
and Ty; for this sample were about the same as those Ojhase boundary pinning. Future experiments in which decays
sample No. 14B. Furthermore, the relaxation is dominated b¥;e measured in high quality Be films that have been system-

the large avalanches as indicated by the arrows. Curiouslygically disordered via irradiation should prove interesting.
the two samples, No. 14A and No. 14B, in Fig. 5, were

fabricated simultaneously. The parallel critical field transi- We thank Dana Browne, John DiTusa, Wenhao Wu, and
tions of No. 14B were extremely shafgee Fig. 2, and Kevin Bassler for many valuable discussions. We are grate-
perhaps this is why this particular film decayed exponenful to Robin McCarley for the scanning force microscopy
tially. The parallel critical field transitions of sample No. characterizations. This work was supported by NSF Grant
14A, which we have not shown, were twice as broad as thosBlos. DMR 9501160 and DMR 9204206.
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