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Atomic and magnetic short-range order in Ag-Mn spin-glass alloys
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To understand the relationship between ihe magnetic properties and local arrangements of Mn spins
in Ag-Mn spin-glass alloys, we have measured the magnetic susceptibility, and x-ray and diFuse-
neutron-scattering intensities for three single crystals. The x-ray results show that the Mn atoms are
found to have a preference for linking up along ( 100) directions. This tendency increases with increas-
ing Mn content up to around 20.8 at. % Mn. However, this tendency decreases abruptly at 28. l at. %
Mn. The neutron results for the spin-glass state of Ag-20. 8 at. % Mn alloy show that the nearest spin
pairs have strong antiferrotnagnetic coupling and the second-nearest spin pairs along the (100) direc-
tions are correlated ferrornagnetically with each other. These ferromagnetic spin chains are found to de-

velop inside the atomic short-range-ordered region of Mn atoms. In addition to the existence of these
spin chains, we have also observed longer-range spin correlation with about twice the correlation length
of the atomic one. The amplitude of the magnetic susceptibility at the freezing temperature and the
paramagnetic Curie temperature are found to have a strong relationship with the short-range spin struc-
ture. %'e believe that the Longer-range spin correlations cannot grow without convicting with the short-
range spin structures inside the atomic short-range-ordered region of Mn atoms. This may become a key
point to understand the spin-glass freezing mechanism.

I. IWTRDDUCTIQN

Spin-glass is characterized by the imperfect periodicity
of magnetic atoms from a structural aspect, which yields
the disordered spin arrangements at low temperature.
Although the spins fail to form magnetic long-range or-
der even at low temperatures, they are known to form
magnetic short-range order (MSRO), which is believed to
be derived from the atomic short-range order (ASRQ) of
magnetic atoms. However, this detailed relationship is
still not clear. MSRO has information about how spins
are correlated with each other in the disordered media
and fail into the spin-glass state. Moreover, it is impor-
tant for the spin-glass study to investigate the relatioa. -
ship between the macroscopic magnetic behavior and
MSRO.

The most simple spin-glass systems are noble-metal al-
loys contaimng 3d transition metals (Cr, Mn, and Fe).
The Ag-Mn alloy is regarded as a typical spin-glass sys-
tem similar to the Cu-Mn alloy, though the former has
not been studied as much as the latter. Kouvel' has
found a spin-glass-type freezing for fce Ag-Mn alloys
with Mn content from 1Q to 25 at. % by using a magnetic
susceptibility techniqu. Bouchiat et a). have observed
difFuse maxima at the 1,0.5,0 and its equivalent positions
in the x-ray photographic plates and performed the
small-angle x-ray scattering experiments for severa1 Ag-
Mn alloys. They proposed two possible models based on
the space group I4, /amd from the diffuse intensity pat-
terns: (1) heterogeneous model ~here the alloy contains
microdomains of stoichiometric AgMn and (2) homo-

geneous model where the alloy presents sinusoidal com-
position fluctuations. However, a conclusive description
was not obtained from their experiments. They also
briefly discussed the magnetic imphcation of the model in
view of the known spin-glass parameters. Bouchiat and
Dartyge measured the small-angle x-ray scattering at a
smallel angle from the Ag-Mn alloys and found no difFuse
scattering signal except for the I aue monotonic back-
ground intensity, from which they rejected the above two
models and employed the homogeneous distribution of
Mn atoms. They have analyzed the x-ray disuse intensi-
ties from the shaded patterns on the photographic plates
and calculated several ASRO parameters approximately.
Extended x-ray-absorption fine structure (EXAFS) stud-
ies also supported their x-ray scattering results, where
ihe erst-nearest-neighbor ASRO parameter was deter-
mined.

In the early neutron-scattering studies on the spin-glass
aHoys, %'eHs and Smith measured the atomic and mag-
netic diC'use scattering from Cu-Mn single crystals and
determined several ASRO and MSRO parameters.
%"erner and Cable and Cable ei al. ' observed the mag-
aetic dift'use maxima at 1,0.5 5,0 positions on the IhkO)
reciprocal-lattice plane and found the concentration
dependence of these positions and the temperature depen-
dence of their amplitudes. They interpreted the origin of
the difFuse maxima as an incommensurate spin modula-
tion stabiiized by Ruderman-Kittel-Kasuya- Yoshida
(RKKY) interactions. They also found the ferromagnetic
clusters associated with the ASRO, which eoexisted with
the incommensurate modulated regions. They thought
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that the interactions between ferromagnetic clusters and
modulated regions are important to the understanding of
spin-glass behavior. On the other hand, Ishibashi et ai.
carried out a neutron-scattering experiment on Ag-Mn
alloys and found similar magnetic diffuse maxima to that
found in Cu-Mn alloys along the [1,k, 0] directions.
They measured the temperature dependence and could
not find any anomalies around the freezing temperature.
The diffuse peak positions of the Ag-Mn alloys were
found to coincide with those of the Cu-Mn alloys with
the same Mn contents even though lattice spacing for the
former alloys are about 10% longer than that for the
latter ones. From these results, they suggested that the
diffuse maxima have come from a Fermi surface effect via
RKKY interactions, which was pointed out by Harder
and Wells. ' Werner, Rhyne, and Gotaas" performed
high-resolution inelastic-neutron-scattering measure-
ments on a Cu-Mn alloy at the magnetic diffuse peak po-
sition. They found that the pure elastic scattering has
started to increase below the freezing temperature T and
the inelastic components show cusplike behavior near T .
The origin of diffuse maxima has been considered as the
incomplete development of long-range spin density waves
due to the disordered arrangements of Mn atoms.

Owing to the lack of quantitative measurements for the
Ag-Mn alloys compared with Cu-Mn, there are many un-
certainties in the relationship between magnetic proper-
ties and local spin arrangements. In this paper, we have
undertaken x-ray diffuse and neutron magnetic diffuse
scattering measurements on the Ag-Mn alloys, which
provide evidence of two different coexisting correlations.
One is the ferromagnetic spin chains along (100) direc-
tions existing in the local structure of Mn atoms, which
are coupled antiferromagnetically by the first-nearest-
neighbor bonds, in contrast with the Cu-Mn alloys pos-
sessing ferromagnetic clusters. The other is the longer-
range spin correlations which are exhibited, similar to
that in the Cu-Mn alloys. We believe that an inevitable
competition would arise between the short-range spin
structures and the longer-range spin correlations inside
the local structures of Mn atoms, which may be an intrin-
sic feature of the spin-glass freezing.

II. SAMPLE PREPARATION
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FIG. 1. Temperature dependence of dc magnetic susceptibili-

ty of Ag-13.3 (O), Ag-20. 8 (0), and Ag-28. 1 ( ) at. % Mn alloys
measured by a SQUID in a 100-Oe field under zero field cooling.

III. MAGNETIC-SUSCEPTIBILITY MEASUREMENTS

A superconducting quantum interference device
(SQUID) was used to determine the following parame-
ters: (1) paramagnetic Curie temperature 0, (2) the
effective Bohr magneton P,tr, (3) the spin angular momen-
tum S, (4) the deviating temperature (from the Curie-
Weiss law) To, and (5) the peak value of magnetic suscep-
tibility (at the freezing temperature) y(T ). The low-field
ac magnetic-susceptibility method was also used to deter-
mine the freezing temperature Tg precisely, which makes
the cusp shape sharp.

Figure 1 shows dc magnetic susceptibilities of Ag-13.3,
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ments were also cut from the same ingots. They were
chemically etched with 50% nitric acid and 50% distilled
water at 5 'C to remove the distorted surface layer.

The compositions were estimated with electron probe
microanaiysis (EPMA) to be Ag-13.3+0.3, Ag-20. 8+0.3,
and Ag-28. 1+0.5 at. % Mn.

Silver-rich Ag-Mn alloy is known to possess a fcc
disordered region up to 47 at. % Mn and show a phase
segregation of aMn or PMn at the low-temperature re-
gion, from the atomic phase diagram. ' Three single crys-
tals with different compositions were grown by the Bridg-
man technique in a Zr02 crucible, where the purity of the
starting materials was 99.99% for Ag and Mn. All speci-
mens were homogenized at 850 C for several hours and
quenched into ice brine to avoid the phase segregation.
Platelike samples of about 10 mm in diameter and 3mm
thick were cut from the ingots for x-ray studies. These
surface were parallel to the (210) planes. A cylindrical
sample (Ag-20. 8 at. % Mn) of 7 mm in diameter and 16
mm height for neutron study was cut from the same in-
got. The cylindrical direction was set to [001]. Rec-
tangular samples of 5 X 5 X 1 mm for magnetic measure-
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FIG. 2. The partial magnetic phase diagram of Ag-Mn alloys
with the present results (~) by the ac magnetic susceptibility,
and the SQUID measurements by Mozurkewich et ttl. (Ref. 14)
(o).
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TABLE I. The paramagnetic Curie temperature 0, the
effective Bohr magneton P, ft. , the spin angular momentum S, the
deviating temperature (from the Curie-Weiss law) To, the freez-
ing temperature Tg, and the peak value of magnetic susceptibili-
ty at Tg p(Tg ) for Ag-13.3, Ag-20. 8, and Ag-28. 1 at. % Mn al-
loys.
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at. %
Mn
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(K)

Peff

(p&)
To
(K)

Tg
(K)

g(Tg )

(emu/g) 110 -31 0

13.3
20.8
28. 1

74.3 5.40 2.25 150+5 44+0.5 8.8 X 10-"
105.7 5.04 2.07 165+5 69+0.5 1.3 X 10

—39.6 4.87 1.99 235+ 10 103+3 7.5 X 10

100 200 300
Ag-20. 8, and Ag-28. 1 at. %%uoM nalloy smeasure db ya
SQUID in a 100-Oe field. Table I shows the physical
values of magnetization described above. There are
several remarks on this table. The values of paramagnet-
ic Curie temperature 0 for Ag-13.3 and Ag-20. 8 at. %
Mn alloys are positive, which indicates that the fer-
romagnetic interactions have more inAuence on the Mn
spins bonds in the crystal. On the other hand, 0 for Ag-
28. 1 at. % Mn alloy is negative, which indicates antifer-
romagnetic interactions are more inAuential. T in-
creases with increasing Mn content, but the value of
g(T ) for Ag-28. 1 at. % Mn alloy shows a very small
value compared with that of the others. We will discuss
the origin of this small y( T ) value in a later section. S is
found to be fairly insensitive to the different Mn contents
and to be close to 2.0, which is similar to the Cu-Mn al-
loys. ' We summarized the partial magnetic phase dia-
gram for the Ag-Mn alloy in Fig. 2, where the results of
Mozurkewich et aI. ' were considered. It shows the
same linearlike nature as that of the Cu-Mn alloy' ex-
cept for the difference of its gradient.
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IV. X-RAY EXPERIMENTS AND RESULTS

A. X-ray intensity measurements and analyses 120 220 320
X-ray intensity measurements were made by using a

four-circle goniometer attached to a rotating-unit x-ray
generator (Rigaku RU-300). The incident beam, Cu Ka
radiation from a Cu target, was monochromatized by a
singly bent highly oriented pyrolytic graphite (HOPG)
(graphite) crystal. A HOPG crystal was also used as the
analyzer crystal in front of a NaI(T1) scintillation counter
to remove the Mn Auorescence from the samples.

The diffuse intensity was measured three-dimensionally
by scanning the reciprocal-lattice space including the
minimum volume of the first Brillouin zone at intervals of
—,', in terms of the distance between the 000 and 200
Bragg spots. The measured intensities were converted
into absolute units by comparison with the intensity scat-
tered from polystyrene (C8Hs) at 28= 100 and integrated
intensities from a powdered Al sample. The conversion
factors of these two independent methods agreed within
5%. The diffuse-scattering intensity distributions on the
(hk0) reciprocal-lattice plane from the Ag-13.3, Ag-20. 8,
and Ag-28. 1 at. % Mn alloys are shown in Figs. 3(a), 3(b),

J I I I I I I I I I I I I I f I I I f I I I I I I I I I I I I I I I I I I I
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1 00 200 300

FIG. 3. Diffuse scattering intensity distributions on the (hk0)
reciprocal-lattice plane in Laue units for (a) Ag-13.3 at. % Mn,
(b) Ag-20. 8 at. % Mn, and (c) Ag-28. 1 at. %%uoMn.
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and 3(c), respectively, in Laue units, where the contribu-
tion from air scattering has been subtracted. The ASRO
difFuse-scattering intensity was obtained by removing ihe
size-efFect modulation, as weH as Huang and thermal
difFuse scattering, from the total difFuse scattering, by us-
ing the Boric and Sparks method. ' Both Bragg intensity

near the fundamental spots and the contribution from
Compton scattering ~ere also subtracted from the mea-
sured intensities. Intensity distributions due to ASRO
are shown in Figs. 4(a), 4(b), and 4(c) for Ag-13.3, Ag-
20.8, and Ag-28. 1 at. % Mn alloys in Laue units, respec-
tively. Every map shows the ASRO difFuse intensity
around 1,0.S,O with an elongation in the [0,1,0] direction.
DifFuse maxima appeared at 1,0.25+0.02, 0 and its
equivalent positions for the Ag- l 3.3 at. % Mn aHoy,
which ~ere shifted to 1,0.32+0.02, 0 and its equivalent
positions for the Ag-20. 8 at. % Mn alloy. But such
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FIG. 5. Atomic short-range-order parameters a& „plotted
against r~rnn ~I +m +n "~ for Ag-13.3, Ag-20. 8& and Ag-
28. 1 at. % Mn alloys, ~here l, m, and n are integers.



ATOMIC AND MAGNETIC SHORT-RANGE ORDER IN Ag-Mn. . . 5787

disuse maxima were not observed for the Ag-28. 1 at. %
Mn alloy. The peak value of disuse maxima increased
with increasing Mn contents up to around 20.8 at. % Mn.
However, it decreased abruptly at 28. 1 at. % Mn.

8. ASIA parameters and loca| atomic arrangements

The Warren-Cowley ASRO parameters al „upto the
50th shell were determined by the Fourier inversion of
ASRO disuse-scattering intensity for the Ag-13.3, Ag-
20.8, and Ag-28. 1 at. % Mn alloys, with an error estimat-
ed to be less than +5%. These values up to the 20th shell
are listed in Table Ii and are plotted against the atomic
distance r&

„ I
=(l +m +n )' ] in Fig. 5, where 1, m,

and n are integers. aooo for Ag-13.3, Ag-20. 8, and Ag-
28. 1 at. '% Mn alloys has the values of 0.98, 0.95, and
0.90, respectively. For the three specimens, the local ar-
rangement of Mn atoms has a preference for avoiding the
formation of clusters due to the negative value of cz„o.
u2OO and e4oo are found to be aH positive and obviously
larger than the other parameters. We see that Mn atoms
have a tendency to line up along ( 100) directions for the
three samples and the linking length is largest for the
Ag-20. 8 at. % Mn alloy. The sign of e& „upto the 8th
sheH has the same tendency and the absolute value is
maximum for the Ag-20. 8 at. % Mn alloy. The correla-
tion lengths of Ag-13.3, 20.8, and 28. 1 at. % Mn were es-

timated from reconstruction of the disuse intensity by
Fourier inverse transforms of the observed ASRQ param-
eters to be about 5ao, 6ao, and 5ao, respectively.

%'e constructed a possible local atomic arrangement by
using the observed ASRO parameters and a simulation
program. ' The atomic arrangements in 10X 10X 10
fcc unit cells were determined so as to adjust the a.

& „

values from models to those from experiments up to the
30th shel~ for the three specimens. The results are shown
in Figs. 6(a) —6(f): 6(a), 6(c), and 6(e) for the ideally ran-
dom arrangements (RANDOM) of Mn atoms with 13.3
at. %, 20.8 at. %, and 28.1 at. %, respectively, in which
aH the parameters are 6tted to be zero except for czooo= 1,
and 6(b), 6(d), and 6(f) for the simulated ASRO structures
Atted to the observed cx& „values of Ag-13.3, Ag-20. 8,
and Ag-28. 1 at. % Mn alloys, respectively. In these
figures, Mn atoms are only represented by circles and
they are hnked together by red or green solid lines which
are first- or second-nearest-neighbor bonds in a fcc lat-
tice, respectively. In particular, we have drawn the
structural models with reduction to one-eighth of original
volumes (5 X 5 X 5 fcc unit cells) for easy understanding.
A set of a& „parameters corresponding to the simulated
structure is compared with those determined by experi-
ment in Table II. The agreement between simulated and
experimental values was estimated by a reliability factor
de6ned as

TABLE II. Atomic short-range-order (ASRG) parameters of disordered Ag-13.3, Ag-20. 8, and Ag-
28.1 at. %%uoM nalloy sdetermine d fro m th eFourie r transfor mo f th eASR Odi8'use-scatterin g intensities
and those calculated from the model by computer simulation [see Figs. 6(b), 6(d), and 6(f)]. X is the
shell number.

Ag-13.3 at. % Mn
Kxpt. Model

Ag-20. 8 at. % Mn
Expt. Model

Ag-28. 1 at. % Mn
Expt. Model

10

12
13

14
15
16

000
110
200
211
220
310
222
321
400
330
411
420
332
422
431
510
521
440
433
530
442
600
532
611
620
541

0.976
—0.100

0.126
0.027

—0.020
—0.055
—0.086

0.037
0.062

—0.050
—0.008

0.022
0.009

—0.031
0.008

—0.016
—0.001
—0.017

0.005
—0.014
—0.015

0.013
0.001

—0.010
0.001
0.010

1.000
—0.099

0.126
0.027

—0.019
—0.056
—0.087

0.036
0.063

—0.050
0.007
0.022
0.009

—0.030
0.008

—0.061
0.000
0.017
0.005

—0.014
0.016
0.014
0.001

—0.010
0.001
0.010

0.947
—0.167

0.218
0.068

—0.072
—0.098
—0.141

0.069
0.139

—0.067
—0.006

0.016
0.017

—0.053
—0.001
—0.032

0.013
0.010
0.014

—0.026
—0.022

0.057
0.007

—0.010
0.014
0.014

1.000
—0.159

0.203
0.069

—0.059
—0.096
—0.147

0.065
0.143

—0.069
—0.008

0.014
0.021

—0.051
0.002

—0.033
0.015
0.011
0.011

—0.025
—0.022

0.056
0.005

—0.009
0.013
0.012

0.902
—0.127

0.133
0.051

—0.028
—0.050
—0.090

0.033
0.037

—0.030
—0.002
—0.002

0.003
—0.007
—0.005
—0.002

0.008
0.011
0.002

—O.OOS
—0.005

0.006
—0.001
—0.007
—0.001

0.003

1.000
—0.126

0.132
0.051

—0.028
—Q.OSO
—0.090

0.033
0.038

—0.030
—0.002
—0.001

0.004
—0.008
—0.005
—0.002

0.008
0.011
0.002

—O.OOS
—O.OOS

0.006
—0.002
—0.007
—0.001

0.003
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Q Iai „(expt.) —al „(model)]
R= ™

t'ai „(expt.)
1m n

with summing up to the 50th shell. The R values were
0.08, 0.03, and 0.02 for the above three samples, respec-
tively. This agreement is thought to be fairly good.

The structural difference between the ASRO an
RANDOM structures can be characterized quantitative-
ly by comparing the number of first- and second-nearest
Mn-Mn atom pairs and their ratios. They are given in
Table III. In the ASRO structure of Ag-20. 8 at. % Mn
alloy [Fig. 6(d)], there are many second-nearest Mn-Mn

pairs (green lines) along (100) directions with three-
dimensional connections. They are not percolated by
themselves to the infinite range, but are connected with
each other through the first-nearest-neighbor bonds. The
average length of chains is estimated to be three or four
units cells. In the random distribution of Mn atoms with
20.8 at. % [Fig. 6(c)], there are many first neighbors (red
lines) and few one-dimensional arrays along (100) direc-
tions. In the ASRO structure of Ag-13.3 at. %%uoM n[Fig.
6(b)], there are also many second-nearest Mn-Mn pairs
(green lines) along (100) directions. Although the link-
ing length becomes shorter one-dimensionally, which is
estimated as one or two unit cells, the ratio of number o
second-nearest neighbors to that of first-nearest neig-

(a) ~A~DOM (b) ASRO
FIG. 6. Three-dimensional distribution of

Mn atoms simulated on 5 X 5 X 5 fcc unit cells;
(a), (c), and (e) for the ideally disordered state
of Ag-13.3, Ag-20. 8, and Ag-28. 1 at. % Mn al-

loys, respectively, and (b), (d), and (f) for the
observed ASRO structures of Ag-13.3, Ag-
20.8, and Ag-28. 1 at. % Mn alloys, respective-
ly. Only Mn atoms are represented by circles
and they are linked together by red and green
solid lines which are first- and second-nearest
neighbors to each other in a fcc lattice.

(C) RANDOM (d) ASRO

(f ) ASRO



ATOMIC AND MAGNETIC SHORT-RANGE ORDER IN Ag-Mn. . . 5789

TABLE III. The number of Mn-Mn atom pairs in the (i) first- and (ii) second-nearest neighbors, and
(iii) the ratio of the number of second-nearest neighbors to that of first-nearest ones.

Ag-13.3 at. %%uoM n
RANDOM ASRO

Ag-20. 8 at. %%uoM n
RANDOM ASRO

Ag-28. 1 at. %%uoM n
RANDOM ASRO

(i)
(ii)
(iii)

465
210

0.45

161
410

2.55

1091
528

0.48

436
972

2.23

1953
985

0.50

1350
1350

1.00

bors is still higher in the ASRO than in the RANDOM
as indicated in Table III. On the other hand, the ASRO
structure of Ag-28. 1 at. % Mn [Fig. 6(f)] is closer to the
random distribution [Fig. 6(e)], as the ratio of the number
of second-nearest neighbors to that of first-nearest neigh-
bors decreases abruptly as shown in Table III. Many
first-nearest Mn-Mn pairs (red lines) exist in the ASRO
state and connect with each other. The length of Mn
chains along (100) directions has shortened due to the
decrease of the amplitude and the correlation length of
ASRO parameters in comparison with that of Ag-20. 8
at. % Mn.

V. NEUTRON EXPERIMENTS AND RESULTS

A. Neutron intensity measurements and analyses

We have carried out a neutron-scattering experiment
for the Ag-20. 8 at. %%uoMnallo yusin g a four-circle
goniometer with a refrigerator (DE201, Air Products) at
the instrument FOX installed at the pulsed neutron
source KENS of the National Laboratory for High Ener-
gy Physics, Tsukuba, Japan. We used the time-of-Bight
(TOF) method for collecting the neutron diffuse intensi-
ties, see, for example, the measurements of the ASRO
diffuse intensity from a Cu-Mn alloy. ' A He counter
with a soller slit was set up at a scattering angle 20=17'
for the suitable measurement of the magnetic diffuse in-
tensity. We have taken about 70 different TOF neutron
spectra three-dimensionally which include the minimum
volume of the first Brillouin zone. TOF neutron spectra
along the [1,0.3,0] direction from the Ag-20. 8 at. % Mn
are shown in Fig. 7 at room temperature and 11 K. The

background spectrum is also displayed in this figure,
which was measured without the sample. Both spectra at
room temperature and 11 K exhibit a diffuse maximum
around the time 1800 @sec. The diffuse maximum at
room temperature corresponds to the ASRO diffuse peak
located at the 1,0.3,0 reciprocal-lattice position. The in-
tensity distribution at room temperature is unchanged
down to about 200 K. The diffuse maximum increased
gradually below 200 K and finally reached the spectrum
at 11 K. This has indicated that the spin state at room
temperature was perfectly paramagnetic. In fact, the
SQUID results have shown that the deviating tempera-
ture To from the Curie-Weiss law was about 165 K.
Since undoubtedly the nuclear diffuse intensity keeps the
room-temperature state down to 11 K, the intensity
difference between room temperature and 11 K is due to
the magnetic diffuse scattering component. This method
has already been employed for selecting the magnetic
diffuse intensity in Cu-Mn, Ag-Mn, and Au-Fe (Ref.
22) alloys. The separated magnetic component includes
elastic and inelastic scattering due to the TOF method
using the white neutron beam without a monochromator
or an energy analyzer. At the low temperature of 11 K,
the magnetic component of Ag-20. 8 at. % Mn alloy with
the freezing temperature T =69 K, was regarded as qua-
sielastic intensity, cf. the fact that the diffuse intensity at
10 K from a Cu-Mn alloy with T =79 K was almost
given as elastic scattering by Werner, Rhyne, and
Gotaas. " The temperature dependence of the magnetic
diffuse peak intensity at the 1,0.3,0 position for Ag-20. 8
at. % Mn has shown no anomalies in the amplitude and
the half width around T . It is thought that this is due to
the much broader energy resolution.
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FIG. 7. TOF neutron spectra of Ag-20. 8
at. %%uoM nallo ycollecte dalon g th e[1,0.3,0]
direction at room temperature (+) and 11 K
(0). The background spectrum displayed by
dots was measured without the sample. The
peak of the spectra around 1800 psec corre-
sponds to the diffuse maximum around
the 1,0.3,0 reciprocal-lattice position. The
difference between the intensity at room tem-
perature and that at 11 K shows the contribu-
tion from the magnetic diffuse scattering. The
peak around 1000 @sec has come from triple
aluminum windows of a refrigerator.
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The observed TQF spectra were normalized by the in-
cident neutron spectrum obtained by incoherent scatter-
ing from a vanadium sample. The atomic and magnetic
disuse intensities were estimated by correcting for ab-
sorption, temperature factor, incoherent scattering, mul-
tiple scattering, and paramagnetic scattering, and with
the Inagnetic form factor of a Mn ion. They were
converted into the absolute units, i.e., Laue unit for the
atomic diffuse intensity and paramagnetic scattering unit
for the magnetic di8'use intensity with consideration
given to the mass of the Ag-20. 8 at. % Mn alloy and that
of the vanadium sample. The resolution conditions es-
timated by the full width at half maximum (FWHM) of
200 Bragg pro61es were 0.018a, 0.077a, and 0.076a*
for horizontal, vertical, and radial directions, respective-
ly. The resolution corrections for the vertical and radial
directions were performed with a deconvolution pro-
cedure and their profiles. The atomic disuse intensity
distribution obtained by the neutron experiment corre-
sponded to the x-ray result within about +10% as shown
in Fig. 8, ~here the atomic disuse intensities along the
l, k, o reciprocal-lattice direction from both experiments
are depicted. The corrected magnetic disuse intensity
map on the (hk0) reciprocal-lattice plane is shown in Fig.
9, which exhibits sharp peaks at 1,0.28+0.01,0 and
1,0.72+.0.01,0 positions with elongations to [1,0,0] and
[0,0,1] directions, respectively. The FWHM of the diffuse
peak at the 1,0.28,0 position was 0.10a* for the [1,0,0]
direction and 0.04' * for the [0,1,0] and [0,0,1] directions.

B. MSRO Parameters

In this subsection, we describe the magnetic di6'use in-
tensity in terms of ASRQ and MSRQ parameters. The
spin-glass states in Ag-Mn alloys (Ag-20.0, 23.7 at. %%uo

Mn) are observed not to have any magnetic anisotropy in
zero field. ' Therefore, the classical Heisenberg model is
applicable to represent the spin state in the present Ag-
20.8 at. '% Mn alloy. Under this model, the observed

I

I

1, 0.7

3, 028, 0

FICi. 9. The magnetic disuse scattering of Ag-20. 8 at. % Mn
alloy on the (hkO) reciprocal-lattice plane in the unit of the
paramagnetic scattering intensity.

magnetic di8'use intensity is expressed as the paramagnet-
ic scattering intensity modulated by the spin correlation
as in the following:

I, d;r(q ) =2/3(ye /mc ) S(S+1) ifM„(q)i

X g QS„S„expIiq(r„—r„)].

where fM„is the magnetic form factor of Mn spin, 5 is

the angular spin momentum, and S indicates the unit spin
vector. The above equation without spin correlations at
high temperature gives the paramagnetic scattering in-
tensity. The coordinates u and U are only concerned with
spin sites belonging to the Mn atoms which are allocated
on the fcc lattice points with probability functions de-
scribed by the ASRO parameters. With these functions,
the summation of Eq. (1) is transformed to that over the
general coordinates i and j as

14-

12'

g) 40-
CI

8

X ray

Neutron

0
e e~

OOO QOO0

g g S„S„exp[iq(r„—r, )]

= g g(cS,. )(p, S.)exp[iq(r, . —rj)j, (2)

where c is the content of Mn atoms and p, is the proba-
bility function for Mn-Mn atom pairs at the distance
r,- —r .. They are directly connected to the ASRQ param-
eters as

pj=c+(1—c)a&„. (3)

2-

(g Q

00.0 0.2 0.8 1.0

From Eqs. (2) and (3), Eq. (1) can be expressed as

I,sd;r(q)=2/3%c(ye /mc ) S(S+1)~fM„(q)~

X g [e+(1—c)a& „]/I„exp(iqrI „),(4)

FIG. 8. The atomic di8'use scattering along 1,k, 0 reciprocal-
lattice positions obtained by x-ray and neutron experiments.
The resolution correction was performed to the neutron results.

where % is the number of atoms, r&~„=r,- —rj, and the
g& „arethe MSRG parameters, i.e., the spin correlation
functions de6ned as
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FICr. 10. The spin correlation function g& „ofAg-20. 8 at. %
Mn plotted against r& „=I7'+m-'+n )'"-, where 7, m, and n

are integers.

A series of Ic+(1—c)a, „I&~& „values are taken by
Fourier transform of the magnetic diffuse intensity. %'e
are, therefore, able to get g& „with the use of ASRO pa-
rameters aI „obtained from the x-ray experiment. From
the above procedures, the spin correlation function g& „

was obtained as a function of the atomic distance r&
„

[=(I +I +n )' ] as shown in Fig. 10. Positive or
negative values of g& „correspond to the spin pairs at the
distance r& „coupling ferromagneticaHy or antiferromag-
netically, respectively. The first-nearest spin pairs were
found to have strong antiferromagnetic coupling and the
sign of g'&on values along the ( 100) direction, such as /zoo,

$4co, $6oo, and g'son, are all positive, which means that the
ferromagnetic linkings are presented along ( 100) direc-
tions. The spin correlation length was estimated by
reconstructio~ of the magnetic diffuse peak intensity, to
be about &lao, which is about two times longer than the
atomic correlation length.

VI. DISCUSSION

A. Local spin structure and the relationship
to the magnetic measurement results

Previous x-ray- diffraction and EXAFS studies gave
only qualitative interpretations for the local atomic struc-
ture. The present quantitative analysis has been per-
formed to understand the local arrangement of Mn atoms
in Ag-Mn alloys more directly. Our structural models of
the Ag-Mn alloys are as follows. Chains of Mn atoms
along (100) directions exist even in the lower Mn can-
tent alloys such as the Ag-I3. 3 at. % Mn aHoy. %'ith in-
creasing Mn content, the population of chains increases
and they become longer and longer. In the Ag-20. 8 at. %
Mn alloy, these chains connect with each other three-
dimensionally as shown in Fig. 6(d). The result of the
spin correlation function for this sample indicates that
the local spin structure is strongly ruled by the local
structure of Mn atoms. Iri particular, the ferromagnetic

spin chains appeared on the Mn atom chains along
( 100) directions due to the ferromagnetic interaction at
the second-nearest-neighbor distance. Awing to these
chains linking to the finite range, the ferromagnetic
correlation could not develop the ferromagnetic long-
range order. The ferromagnetic spin chains are connect-
ed with each other by the strong antiferromagnetic in-
teractions at the first-nearest-neighbor distance.

As the Mn content increases further from 20.8 at. %„
the local structure of Mn atoms changes abruptly. The
decrease of the amplitude of ASRO parameters gives rise
to the three-dimensional networks by first-nearest Mn-
Mn atom pairs (red lines) as illustrated in Fig. 6(f). The
ratio of second-nearest-neighbor Mn-Mn atom pairs to
first-nearest ones is suddenly decreased as shown in Table
III and the chains of Mn atoms along (100) directions
are shortened. It is noticed that their definite chainlike
nature has been lost. %'e have found that these structural
changes have been strongly related to the magnetic prop-
erties. In the Ag-28. 1 at. % Mn alloy, the three-
dimensional networks of the first-nearest Mn-Mn bonds
drive the amplitude of magnetic susceptibility at T to
decrease drastically due to the strong antiferromagnetie
interaction between the first-nearest-neighbor Mn spins.
The results of this structural change are also exhibited in
the paramagnetic Curie temperature O. In the case of
the local structure of Ag-20. 8 and I3.3 at. % Mn alloys,
the number of the ferromagnetic interactions between the
second-nearest Mn pairs was greater in the local spin
structure, and the summation over all spin bonds gave
rise to the positive value. The sudden increasing of the
intense antiferromagnetic interaction bonds in the Ag-
28. 1 at. 'Fo Mn turned 0 negative.

8. Origin of the diffuse yeaks

Characteristic diffuse scattering ean be interpreted in
terms of the Fermi surface imaging theory proposed by
Krivoglaz and Moss. Such an interpretation was
given to the diffuse scattering observed from disordered
alloys, e.g., Cu-Au, Au-25 at. % Cu with an additional
element of Pd or In, 27 Cu-AI, 28 Cu-Pd, 9'3 Cu-Pt, ~ Ag-
Mg, ' Au-Zn, ' and Au-Pd. ' Since the pair-
interaction potential mainly originates from conduction
electrons in these noble-metal based alloys, the diffuse
scattering rejects the Hat portions around ( 1, 1,0) direc-
tions of the Fermi surface. Although there are no ap-
parent diffuse streaks around the (1,1,0) direction for
the present Ag-Mn alloy, diffuse maxima appear around
1,0.5+5,0 and its equivalent positions, and 5 depends on
the Mn content. As the 3d electrons of Mn atoms are
contained in this alloy, it is more complicated to apply
the Fermi surface imaging idea in understanding the
present diffuse patterns. The peak positions of the atomic
and magnetic diffuse scatterings were observed by previ-
ous authors in the Cu-Mn (Refs. 8, 10, and 33) and Ag-
Mn (Ref. 9) alloys which were displayed in Fig. 11 with
our present results. Although the atomic diffuse peak is
not located exactly at the magnetic one, the composition
dependence of the peak position is regarded to be con-
trolled under the Fermi surface efFect with increasing of
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the ratio of the number of electrons per an atom (e/a).
In particular, the magnetic diffuse peak position is
thought to be varied by the Fermi surface effect via
RKKY interaction under which Mn spins are connected
with a modulation period 2kF beyond the atomic correla-
tion range. The direct verification for the above discus-
sions will be performed by making a comparison between
the Fermi surface of Ag and Ag-Mn alloys around the
( 1, 1,0) direction with the use of the positron annihila-
tion method. The Fermi surface effect of the Ag-20. 8
at. %%uoM nallo ywil 1 als ob econfirme d indirectl yby
measuring the shifting of the atomic and magnetic diffuse
peaks which would take place with doping of small
amounts of In + or Cd + ions instead of Ag+ ions under
the fixed Mn contents.

C. Summary

In contrast to the distinct development of ASRO in the
Ag-Mn alloys, the Cu-Mn alloys are known to have only
a weak ASRO effect over the large concentration
range, ' ' which bring a nearly random fashion of Mn
atoms. In spite of this difference in the local structure
of Mn atoms between the two alloy systems, the magnetic
diffuse peak in the present Ag-Mn alloy exhibits quite
similar three-dimensional shape and good coincidence of
peak positions and its concentration dependence to the
Cu-Mn alloy. This indicates the existence of the same

longer-range spin correlation for both alloys, which may
be realized by the same Fermi surface effect via RKKY
interaction due to the possession of the similar Fermi sur-
face in pure Ag and Cu. On the other hand, the short-
range spin structure formed on their own ASRO differed
significantly. This disagreement appeared in the intensity
distribution around the 1,0.5,0 reciprocal-lattice position.
The atomic diffuse intensities of the Cu-Mn alloys with
ferromagnetic clusters contribute to make the same pat-
terns on the magnetic ones around the 1,0.5,0 position.
The lower intensity distribution in the present Ag-Mn al-
loy is caused by the absence of the ferromagnetic clusters.
Although these two alloys have very different local atom-
ic and spin structures, they are known to show similar
spin-glass properties. ' We found a big change in the lo-
cal structure between Ag-20. 8 at. '% Mn and Ag-28. 1

at. % Mn, which affected the peak value of susceptibility
and the paramagnetic Curie temperature, however, the
freezing temperature was observed to have a common
linearlike function with the Mn content. Accordingly, it
seems that the freezing temperature is not controlled by
the local spin structure, but mainly related to the density
of Mn spins. As the longer-range spin correlations by
RKKY interactions are not related to the local struc-
tures, we think that their interconnections bring about
the spin-glass freezing below the deviating temperature
To from the Curie-Weiss law. We believe that the
longer-range spin correlations are not able to grow
without any confusion with the local spin structures, and
finally they fall into competing states by themselves inside
the atomic short-range ordered region, where they cannot
change their spin directions into lower energetic states
any more. The coexistence of short-range spin structures
and longer-range spin correlation is thought to be an in-
trinsic nature for the spin-glass freezing.
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