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Internal Field Distributions of Mesoscopic Spin Glasses
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Magnetoconductance fluctuations are used to extract information about frozen spin configurations in

submicrometer sized CuMn wires with Mn concentrations of 320 and 1000 atomic ppm (parts per 106).
Measurements with the magnetic field parallel to the wires separate the spin and orbital field scales. At
low temperatures the configurations distort reversibly over a field scale on the order of the bulk exchange
field Hg. The data are used to map out a sample specific internal field distribution to over 30Hg.

PACS numbers: 72. 15.Rn, 73.50.Jt, 75.50.Lk

Over distances comparable to the electron dephasing
length L& the electrical conductance is sensitive to the
specific scattering potential imbedded in the particular
sample being measured [1]. Relying on this fact, quan-
tum transport at low temperatures may be utilized as a
probe of spin configurations in disordered magnetic sys-
tems [2,3]. When the specimen size L approaches L&, the
low frequency four-point resistance R is a combination of
interlead transmission coefficients and contains informa-
tion about how the frozen spins elastically scatter conduc-
tion electrons. Our earlier work demonstrated how the
time reversal symmetry-breaking property of frozen mag-
netic systems like spin glasses may be exploited to extract
a magnetofingerprint of each particular static spin
configuration directly from a linear combination of con-
ductance fluctuations [4]. We previously studied CuMn
spin glass wires and rings by measuring such "spin finger-
prints" only up to fields on the order of the bulk exchange
field Hg =kgb/p (Tg the bulk zero field spin freezing
temperature, p the Mn ion magnetic moment). To learn
how static spin configurations transform over the H-T
plane, we performed spin fingerprint measurements in

several geometries and up to fields as high as 34Hg on
CuMn wires of two concentrations. From experiments on
wires oriented parallel to the applied field we find a field
scale for reversible spin distortion of order Hg. When one
pictures a spin glass in terms of a distribution of molecu-
lar fields, then the parallel field data can be used to deter-
mine this distribution. To our knowledge, this is the first
measurement of such a function itself as opposed to mere-
ly its characteristic width [5,6].

The fabrication of the Cu M n films and wires was dis-
cussed in previous work [4] and involved UHV Ar ion
sputtering, e-beam lithography, and liftoA techniques.
The linewidths W were in the range 800-850 A with film
thicknesses 300-400 A, barely entering the regime where
finite-size effects suppress Tg [7]. All the films displayed
the same characteristic zero field R(T), namely, Kondo-
like for T & Tg and nearly temperature independent for
T & Tg, with an elastic mean free path at 42 K of
110-230 A [4]. Bulk values for Tg and Hg are given in

Table I.
The spin fingerprint of a frozen spin system where

projects out that part of the elastic electron scattering
due to the frozen spins and is called a spin fingerprint.
Similarly choosing all plus signs in the above expression
gives the OB symmetric and field symmetric R, , (H),
which is dominated by the scattering oA nonmagnetic
centers that accounts for at least 85% of the total scatter-
ing in these samples. What is the characteristic fluctua-
tion field scale H, of R, ,? H, is governed by two eAects;
one is orbital (H„i,) and the other involves the Mn spins
(H, n, „). Like quantum transport in nonmagnetic systems,
the Aharonov-Bohm eff'ect determines the characteristic
orbital field H„b from interfering Feynman paths:
H„r,A = h/e (2 the sample area projected perpendicular
to H). At the same time, a change in H also distorts the
spin configuration over the field scale H, p,

.
p ~ H for R, ,

is then given by mi (nHg, Hp, „). A detailed analysis [9]
of R, , in terms of invariants in spin and orbital space
confirms this. Similarly R, , reAects the preponderant
nonmagnetic scattering and is experimentally found to be
insensitive to spin reconfiguration induced by annealing
and refreezing through Tg. Thus H, for R, , is given by
Horb.

TABLE I. Fields are expressed in kG, and II and & refer to
the orientation of the field with respect to the wire. H, p H
and H„b were determined from R, „R,,„and R, ,„respective-
ly.

Concentration Material parameter
Atomic ppm Mn Tg (K) Hg

Inferred quantity
II I

Hspin H orb H orb

320
1000

0.5
1.6

2.7
8.4

1.3-2. 1 14 2.0-2.5

4.2-6.4 15 0.8-1.3

S; ( —H) a —S;(H) utilizes the resulting broken
Onsager-Biittiker (OB) symmetry [8] for a four-point
resistance: RIv(H)&RvI( —H). Here I (V) denotes a
pair of current (voltage) measuring leads. Therefore the
OB antisymmetric and field symmetric combination of
magnetoresistances

R~,s{H)=—4 [RIv(H) RvI {
+Rlv( H) RvI(H)]
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S' H . is an interesting quantity in p gs in lasses [3],1nCe spin is
measurementst d o ebl t determine it directly from mea

of R, , (H). We measured the correlation fie, o

~ 1/A may be enhanced by decreasing the projecte area
surements with the appliedA. For magnetotransport measure

( )field H perpendicular to the film plm lane A~=L& H 8',
hil o pf H llel to the wire Aff =8'd«A&. Figure 1

shows a spin nfingerprint measured with H para e o
(within —1'). Such fingerprints are high y pre ro-wire within-

t C & 0.92 betweend bl having a correlation coe%cient
successive field sweeps at constant low temp erature. The

sistance IAR/R I
was independentoverall raw magnetoresistance

'hMo ef fi ld orientation and scaled app p yro riatel wit n con-
Table I summarizes a series of expex erimentscentration. a e s

i ns. In both caseserformed on wires of two concentrations. n

IIsmaller than H„b as in-0-90 kG scans, and was always sma er
Thus H, =H, pin is the field over whichferred from R, ,, us

r. A arent-'bl h es in spin configuration occur. ppareversible c anges i

th allo s.
1 field H is applied to a spin glass one

the ma neticex ects that once H exceeds a few times Hg the magne ic
i 1 d. These ions are paramagnet-ions are nearly all po arize .

s A —=ARa, ,/(R e /h) should decay with in-
H. Fi ures 1 and 2 dispiay spin n e

of H. Th lit d ofmeasured with two orientations o . e
the g~, fluctuations does no v y

'
t var in either case even up

k6=34H . Such experiments seem to indicate
ma netic behavior eventhat the wires do not attain paramagne i

at surprising y g1 hi h fields.
Could some strong magnetic anisotropy, a sen

b lk samples, account for this appa arent high field spinu

tro 10ri idit . e us? L t first examine a surface aniso py
K„which generates an equivalent a

'

py

g
nisotro field H~

v/ d (v the volume per Mn magnetic moment p, d
the film thickness or grain size . ince

bserved in bulk millimeter sized samples,eA'ects are not o
te u zyh b lk D aloshinski-Moriya anisotropy

&6x10er limit for surface effects: K, «6sets an upper imi
~6 kG, which iserg cm . Therefore for d=400, Hg

tion b 90 kG. Couldmuch too weak to prevent polarization y
an enhancement o e uf the unidirectional DMA, perhaps

lesarising from isor er e ed d A' cts [12] present in film samp es,
~ ~ ~ff'ect? Any strong unidirectionalaccount for the rig»ty e ec .

H &)H, however, is inconsistent with t e o-
s in fin er-served melting and refreezing of the low field spin ng

i4~~ near the bulk Tg. Because the Ag, , fluctuation
th in wires an-amplitude did not decay in large fields bo i

at 600 C after deposition and in unan-nealed for 5 min at
tro ies [13] are also1 d samples, growth induced anisotropiesnea e sam

recluded. Similarly the fact that the hg, , fluctuationsprecu e .
did not diminish in samples with H app iea lied both perpen-
dicular and para e to ell 1 th film plane argues against stress

14].induced magnetic anisotropies
A remaining approach to the p puzzle osed by Figs. 1

an is o ana0 2 t nalyze the contributions to g, , (H). This
a is-quantity contains both orbita pal and s in configuration

rallel fieldtortion e ects. uff But under a change of parallel e
& H starting at H, only the a er p y~H = Hspin & orb

a role. The Lee-Altshuler theory [1] then predicicts that
the induced rms conductance c a gan e when a fraction
«(H, hH) of the spins in an L& long section of wire re-

=EL (H)g' (H) (provided AG (e /h),arranges is h,6=K
&

where K involves field independent materia proper ies.
recent theoretical ana ysis1

' [15] and our measurements of
~ ~the length dependence of the conductance in magnetic

zg. ,(i )
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FIG. I. A high field spin fingerprint ~g =—~R.../[R '(e '/
320 m 6500 gx820 gx370 A CuMnh)] measured on a 32 ppm

t 30 mK. Thewire with the field applied along the wire at 30 mK. e
l f r the fluctuations is due to distortioncharacteristic field sca e or e

fi t Notice that the amplitude o hg, ,,of the spin connguration. o
'

remains nearly unchanged.

ar
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FIG. 2. A high field spin fingerprint measured on a wire of
the same size an ma ed aterial but diA'erent resistance as in Fig. I

the wire. gain notewit e eh the field applied perpendicular to the wire. gain no e
a with field.that the fluctuation amplitude does not decay wi e
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systems have shown that hR, , is nearly independent of
wire length L for L ~ L&, so that AR, , (L)=AR, , (L&)
=KR (L)(L~/L) L&g'/, where R(L) is the wire resis-
tance. Here L& varies with H because the dominant
phase-breaking mechanism is spin-Aip scattering oA the
Mn ions, which is gradually suppressed as the external
field increases. L&(H) may be inferred from the correla-
tion field H„b =(h/e)/L&W of the autocorrelation func-
tion of the Iluctuations AR, , (H) in a 5-10 kG wide win-

dow centered on H. For the 1000 ppm material L& typi-
cally varies from 0.37 pm at low fields to 0.75 pm near
90 kG and is independent of the window size. Therefore
the observed insensitivity of the observed Ag, , =K(h/
e )(L&/L )('/ to field indicates nearly compensating
field dependences for L~ and ('/ .

We apply these ideas to learn about the distribution of
exchange field magnitudes P(h) (h the internal field
strength in units of Hg). Each spin feels a local field
which is the vector sum of the applied field H and an
internal field generated by its interaction with the other
spins. What do the spin fingerprints tell us about such
distributions, and do a larger than naively expected frac-
tion of the spins experience large molecular fields? As-
sume that the distribution P(h) of internal fields is
unaffected by H [16]. (We examine below the conse-
quences of relaxing this constraint. ) From the above ex-
periments, we know the spins rearrange over changes in

H on the order of H,~;„with H, p,„Hg & H„b. There-
fore imagine dividing the h axis of a plot of P(h) vs h

into h, h =1 wide bins. Consider changing the parallel
external field H from H/H =n to H/H =n+1. Since

LI

g g
H p & H b the fluctuations within each bin are primari-
ly generated by spin rearrangement. Those spins feeling
dirnensionless internal fields h & n + 1 will be held rigidly
and will not contribute to the associated Auctuations
AR, , connected with the changing applied field. Similar-
ly those spins experiencing an internal field h & n are al-
ready polarized before H is altered, and also do not pro-
duce a h,R, , The spins that generate hR, , in this range
of applied fields are just the fraction possessing internal
fields with magnitudes from nHg to (n + I )H~, so
that P(H/Hg) =g(H) =B[AR,(H)] L& (H). Here B
=[L /KR (L)1 is field independent since ~AR(H)/R~
&3000 ppm. Hence measuring AR, , (H) and the field
dependence of L&(H) directly yields P(h), while B can be
inferred from normalization.

Figure 3 illustrates such a distribution computed from
measurements at 30 mK. The data represent a combina-
tion from a 320 and a 1000 ppm Mn device. We as-
sumed the distribution P(h =H/Hg) is the same for the
two alloys, and joined the curves together at common
values of h. The error bars refer to the range of variation
occurring upon multiple melting and refreezing of the
spin glass. An expected impurity averaged distribution
for a randomly diluted alloy [17] is also depicted. The
number of rearranging spins in each field bin ranges from
10 at h = 1-2 down to only 10 spins for h & 20.
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FIG. 3. The normalized distribution of internal fields in
Cu Mn spin glass wires at 30 m K as computed from the spin
fingerprints. The dashed curve is an expected ensemble aver-
aged distribution for random Mn dilution: P(h) =(4jw/x)
x [h 2/(w+h ~)2], h—=H/Hz, adjusting the dimensionless width
to m=2.

fhe general features of such a P(h) were robust to
variations in experimental parameters. We studied five
independently fabricated samples, each comprising wire
sections of length L and resistance that ranged over an
order of magnitude for the same concentration and found
that P(h) was largely unaltered. Also computing P(h)
only requires determining the relative field dependences
of hR, and L& rather than their absolute values due to
the overall normalization condition. P(h) was insensitive
to temperature for T/Tg ~0.6-0.8. At higher tempera-
tures the AR, , (H) traces became time dependent during
the measurements, reAecting the molten spin system.

For H/Hg ) 20 the experimental points in Fig. 3 lie
systematically above P(h) for random dilution. Includ-
ing a "cavity" in the theoretical distribution [16] shifts
some weight to larger fields. This enhances P(h =20) by
8% and P(h =35) by 23%, too small to account for the
discrepancies. One may also use the known strength of
the RKKY interaction in CuMn [17,18] to associate with
each h a distance r corresponding to the separation be-
tween a pair of spins bonded to each other by a reduced
field h. For h =20-30 and c =320 ppm, r ranges from 8
to 9 A. For comparison, the Cu fcc unit cell size is 3.6 A,
and two Mn spins on the spatial diagonal experience
h =7S for c =320 ppm. Therefore for h & 20 the dis-
creteness of the lattice plays a role not included in the
dashed curve of Fig. 3. For h =2S-32 and c =320 ppm,
random dilution on the sites implies a probability (2-3)
X10 of having a pair bonded by a reduced field h.
These are 4 to 7 times smaller than the experimental
points, indicating that some short-range atomic ordering
(correlated Mn arrangements) might be present. Neu-
tron scattering experiments [19] have shown signs of
atomic scale ferromagnetic regions containing a few spins
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in bulk single crystal (5-20)% CuMn and also imply
corrections of over 50% to the three nearest shell random
Mn occupancies [20]. A direct comparison to this work,
ho~ever, is complicated by the more than 50 times small-
er concentrations used here.

The basic assumption of the analysis used to compute
the internal field distribution P(h) is that P(h) is taken
to be independent of H [16]. But as H increases, the
internal field at a given spin changes as the spins to which
it is coupled polarize. Thus H will induce probability
flow from a bin (h, h+ I) into neighboring bins. One
could expect that more Aow will occur from bins with a
higher starting weight Pp=P(h, H =0). For Pp decreas-
ing with h, this will lead to a net shift of probability to-
wards higher h as H increases. As a result, the measured
P(h) will have a longer tail than Pp.

In conclusion, a surprising robustness of spin finger-
prints hg, , (H) was observed at large H/Hs and is attri-
buted to their sensitivity to as few as 100 reorienting
spins. A simple interpretation obtained for fields along
the wires allows a separation of the spin and orbital con-
tributions to the conductance fluctuations. This directly
yields the characteristic spin configuration distortion field
H p' as well as the sample specific internal field distribu-
tion. The resulting distribution exhibits a relatively long
tail that may be due to short-range magnetic order as
found in bulk CuMn and/or to the influence of the exter-
nal field on the internal fields. These results are examples
of the versatility of this highly sensitive, configuration
specific spin fingerprint technique.

It is a pleasure to acknowledge L. P. Levy for his early
contributions to this research and L. N. Dunkleberger for
assistance with the processing.
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