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Transverse spin freezing ina-(Fe;_,Mn,),sSisB14: A site-frustrated metallic glass
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Muon spin relaxation, Mssbauer spectroscopy, magnetization, and ac-susceptibility have been used to
investigate transverse spin freezing in a site-frustrated alloy system. All static and dynamic signatures coincide
to yield a well-defined transition temperaturg,(). These results are in full agreement with numerical simu-
lations and earlier work on bond-frustrated alloys. No evidence is found for a third transition bglend
Ty - A complete magnetic phase diagram &1(Fe, _,Mn,)sSigB14 is presented.
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I. INTRODUCTION the moment-carrying iron atoms are identital.
The random addition of antiferromagnetisF) exchange Site frustration is achieved by introducing a dopant with

interactions to an otherwise ferromagndfévl) Heisenberg AF coupling to all of its nearest neighbors, so that the frus-
spin system leads to a loss of FM order through the effects difration is introduced sitewise rather than bondwise. While the
exchange frustration. In extreme cases, a spin 86 is gross magnetic behavior is expected to be the same as the
formed with random isotropic spin freezing and neither netoond frustrated casg¢he system exhibits noncollinear order
magnetization nor long range order. At lower levels of frus-at low temperatures, there are two magnetic transitions at
tration the system exhibits characteristics of both extremedptermediate dopings and a spin glass at higher dopings
as long-ranged FM order coexists with SG order in the plan@umerical simulations show that there are two striking
perpendicular to the FM ordéron warming such a system differences. First, low levels of doping do not cause frustra-
from T=0 K, the SG order first melts &t,, followed by the tion. Isolated AF-coupled sites simply order antiparallel to
loss of FM order aff.. This picture has emerged from ex- the majority FM order, reducing the total magnetization, but
perimental measuremerftsnumerical simulations, and ~ not causing any noncollinearity. Frustration only appears
mean-field calculation$The infinite-ranged interactions im- when the dopant density is high enough for AF-AF pairs to
plicit in mean-field spin glass models make all forms of ex-occur. Second, the transverse correlations belgyexhibit
change frustration equivalent. However, real systems arghort-range AF character rather than forming the spin
generally dominated by shorter-ranged interactions, and foglass observed in the bond frustrated case. The first of these
the case of first-neighbor-only exchange coupling two disdistinctions has been verified experimentally in manganese-
tinct situations can be identified) bond frustratioAand(ii) ~ doped metallic glasses of the foran(Fe,Mn)-G, whereG is
site frustratiorr. a mixture of two or more glass-forming metalloids that make
Bond frustration arises when each exchange bond to &p about 20 at. % of the material. The strong similarities in
moment’s nearest neighbors may be either posiiiee, fer-  the phase diagrams ofa-(Fe,_,Mn,)sP;¢BeAl 5, 0
romagnetig or negative(i.e., antiferromagnetic Perhaps the ~ a-(Fe,_Mn,)7sP1<Cy0,*°  a-(Fe,_Mn,),7Si;B13,*° and
best experimental example of this case is provided by irona-(Fe,_,Mn,);sSnSigB.4 (Ref. 17 serve to emphasize
rich a-Fe,Zryg_« . 2® Here the competing exchange interac-that it is the frustration introduced by the Mn that domi-
tions arise from the distance dependence of the direct Fe-Fwates the magnetic response and that the properties of the
exchange coupling combined with the distribution of nearestglass-former mix are largely unimportant. In all cases,
neighbor distances inherent to the glass structure. Zero-fielithe second transition does not appear umilreaches
muon spin relaxation (ZkSR) has been used to establish ~0.2. More significantly, M®sbauer spectroscopy in
the magnetic phase diagrams of two bond frustrated systenas(Fe,_,Mn,)-sSn2SiB,4,'” and polarized neutron diffrac-
in great detail/® and has shown that the static and dynamiction from a single crystal of FE&nSi,'® showed that the
signatures of botfT; and T,y coincide within experimental transverse spin components that ordel gtdo so orthogo-
error: the fluctuation rate diverges at the same temperature aally to the FM order established &, and that they exhibit
which static order develops. These results are in perfecAF correlations, in full agreement with the numerical
agreement with the predictions of numerical simulatidns, simulations>*®
and a cross-check using selective excitation doublessvio While the consistency between experiment and simulation
bauer spectroscopy has confirmed that the fluctuation®r the two types of frustration appears excellent, one sharply
sampled by interstitial muons and those seen at the nuclei aonflicting result exists. A recent ZESR study of
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x=0.0

a-(Fey7aMng -9 75P16BsAl;  (Ref. 20 suggested that the

static and dynamic signatures of transverse spin freezing at

T,y did notcoincide. Drawing on additional data from g

bauer spectroscopy, small-angle neutron scatterifg,in-

elastic neutron scatterirfd, and neutron depolarizatidf,

Mirebeauet al. argued that their data provided evidence of

two distinct transitions below ;. : a canting transition af

that leads to the development of noncollinearity but involves

no dynamical anomaly, followed by a freezing transition at

Tr which is associated with strong energy losses and a peak

in the fluctuation rate, but no specific change in the magnetic

correlations. x=0.4
This three-transition interpretation of the magnetic order- 2 4 r 8 10

ing in this single sample is inconsistent with numerical simu- B, (T)

lations of site frustrated Heisenberg spin systértand the

reported disagreement between the static and dynamic signa- FIG. 1. Magnetization curves for several representative samples

tures of transverse spin freezing in the ZBR data stands of a-(Fe_,Mn,)¢SigB;4, measured at 5 K.

in stark contrast to the almost perfect agreement observed at

T,y in bond frustrated systen$:*>?°We have therefore re- T,y Some typical data are shown in Fig. 2. Ordering tem-

visited the system in order to clarify the situation. Here weperatures for those alloys witfi, above 290 K ¥<0.2)

report an extensive study of the entire magnetic phase digyere measured using a Perkin-Elmer thermogravimetric ana-

gram ofa-(Fe;_xMn,)7gSigB,,4 for 0<x=<0.5, covering the |yzer (TGA-7).

full range of magnetic behavior from ferromagnetic to spin  Mgssbauer measurements were made on a constant accel-

glass, withfive compositions in the two-transition region. eration spectrometer with a 1GEGCoRh source, calibrated

These materials have been studied using both bulk techising ana-Fe foil. Samples were mounted in a vibration-

niques (magnetization and susceptibiliyand microscopic  isplated closed-cycle refrigerator for spectra at temperatures

probes(Mossbauer spectroscopy and ZISR). We find per-  down to 8 K. The spectra were fitted using Window's

fect agreement between the static and dynamic signatures ffethod” to obtain average hyperfine field&(,)) as a func-

Tyy obtained from all techniques. There is no evidence ofjon of temperature. A linear correlation betwe®y and the

separate static and dynamic transitions below The phase jsomer shift was included to account for the slight asymme-

diagram derived from our measurements is fully consistenfry in the spectra. Some typical spectra obtaine8 & are

with numerical simulations and the observed signatures o§hown in Fig. 3.

Tyy In this site frustrated material are identical to those ob-  zero-field xSR (ZF-4SR) measurements were made on
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served previously in bond frustrated alloys. the M20 beamline at TRIUMF. Sample temperature was con-
trolled between 5 and 300 K in a conventional He-flow cry-
Il. EXPERIMENTAL METHODS ostat. Field zero was set to better thamnT using a three-

axis flux-gate magnetometer. Po=0.15, theu SR samples

_Ingots of (Fg_,Mn,)7SigB,, were prepared by arc melt- .,nsjsted of- 15 layers of ribbons clamped between copper
ing appropriate amounts of the pure elemefis 99.97%,  (ings to give thicknesses of 170—200 mg crover a 16-
Mn 99.99%, Si 99.9999% and B 99.3%nder Ti-gettered 1\ giameter active area. For=0.20, the material was

argon. These were then melt spun in 40-kPa helium using g ,shed and approximajell g was mounted between a

wheel speed of 55 m/s to obtain the metallic glass sample§9_99% pure silver foil and a 1om Kapton sheet within a
For x=<0.20, meter-length ribbons-1 mm wide were ob-

tained, however as the Mn content increased, the material
became increasingly fragile and the ribbons were formed in ~ ®9-30

. - . -
shorter pieces. By=0.35, millimeter flakes dominated pro- <~0.25
duction. CuK, x-ray diffraction on an automated powder e

diffractometer was used to confirm the absence of crystalline =20.20 - -
contamination from all materials used in the measurements 20

. . . 2 0.15 - -
presented below. A bulk magnetic characterizatioagneti- =
zation and ac susceptibilityvas carried out on a commercial ;‘5 0.10 - -
extraction magnetometéQuantum Design PPMSData at oy
5 K in fields of up to 9 T(Fig. 1) show the rapid destruction § 0.05 - '

of the magnetization as the Mn content is increased. Suscep- % g.gg - ) ) - .

tibility measurements in a drive field of 1 mT at 377 Hz were 0 40 80 120 160
. S . Temperature (K)

used to follow the rapid decline il that is also caused by

the Mn doping. The divergence of the in-phase signél ( FIG. 2. ac susceptibility curves foa-(Fe,-gMNg s0)7eSisB1a

was used to identifyl ., while a clear peak in the out-of- showing both the in-phase respongé) used to obtaifT, and the

phase(loss response x”) provided an initial marker for peak in the out-of-phase signa}'() used to determin@,, .
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57 .. ‘ | aboveT, (190 K) showing only exponential relaxation_, in the or-
FIG. 3. . Fe Massbauer  spectra of = several yareqg region abov&,, (70 K) showing both exponential and KT
a'(Fel.*XMr.]X)mS'SBl“ samples measured at 8 K. Solid lines are fits contributions, and just beloW,,, (35 K) showing both contributions
described in the text. but a faster exponential relaxation due to the fluctuations associated

with transverse spin freezing. Insets at each temperature show the
copper ring. A pure silvef99.99% mask prevented stray early-time behavior. Solid lines are fits described in the text.
muons from striking any of the mounting hardware. Essen-
tially 100% spin polarizedu™ were implanted with their exchange frustration, therefore we expect a distribution of
moments directed in the backward directidne., along |ocal fields to be present. In this case, the asymmetry will
—2). The subsequent decag’ is emitted preferentially decay according to the Kubo-ToyaliéT) form?®
along the moment direction. The time dependence ofuthe
olarization is conventionally followed by plotting the asym- 2 N (At)“
Enetry (A) between scintillation detectors placed in the for- GA(A.1)= 3t 5[1_(At) ]exp( N
ward (F) and backwardB) directions relative to the initial ) _ )
u* flight direction[A=(B—F)/(B+F)] as a function of with q=2_, o] thaf[A/yM_IS the rms field. KT.rquxatlon
time. Histograms containing 4 107 events were acquired behavior is shown_ in the inset to the 35 K data in Fig. 4. The
with a timing resolution of 0.781 ns. The relative efficiency Presence of a static component also accounts for the apparent
of the forward and backward detectors was determined frontoss of initial asymmetry on cooling through (compare the
late-time data neaf,, where the dynamic relaxation rate is Main curves at 190 and 70 K in Fig) 4s two-thirds of the
the fastest, and the muons are fully depolarized quite early if?uon polarization is lost in the first 30 ns. In cases where
the measuring window of- 10 us. Under these conditions, both static order and fluctuations are pres@hbse to, but
any observed asymmetry between the forward and backwargelow, Tc, and also aroundy,), the asymmetry decays ac-
counters reflects unavoidable differences in the detector effording to the product
ciencies(sensitivity, gain, energy thresholds, and geometrical
factors are all significant contributgrswvhich can therefore A=AgXG,, )
be measured and corrected for. The time dependence of thi;:d both a KT contribution at early times, and a slower ex-
corrected asymmetry was then fitted using a conventionajonential decay, are seen.
non-linear least-squares minimization routine.
Above T, fluctuations lead to an exponential dephasing
of the muon polarization,

) N

III. RESULTS AND DISCUSSION

Numerical simulatiors'® indicate that the initial decline
Ag=Aexp —A\t), (1)  in the magnetization with Mn doping is due to the ordering
of the moments antiparallel to the ferromagnetic iron matrix.
where\ is an effective relaxation rate. A typical exponential Following the procedure used earlérthe decline in the
decay aboveT, is shown in Fig. 4 forx=0.275 atT  saturation magnetization in Fig. 5 can be analyzed to yield an
=190 K. BelowT,, a static magnetic field will be present at average Mn moment of 3:10.1ug, consistent with earlier
the muon sites. However, the materials studied here are bothork on this system’ Furthermore, the magnetization ob-
structurally disorderedi.e., glassy and magnetically disor- served following field coolingd 5 K in 10 mT(Fig. 5 also
dered as a result of both random Mn substitution and alsgshows a rapid decline with increasixg going to zero just
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FIG. 5. Saturation magnetization derived from data in fields of 9 __ 240 [ _ 1 _ 240f _
. o _ X 5 x=0.275 | 3 A x=0.325
T (O) and field-cooled magnetizatiori]) obtained by cooling = 160F 1 € 160l
from aboveT. to 5 K in afield of 10 mT. The collapse of £ 3 12 3
suggests that the critical composition for the loss of ferromagnetic 80T 1 < 80
order lies atx=0.31. Lines are guides to the eye. (s 0
—~ 2.4 ~ 3or
above x= 0.30. A power law fits the observed dependence § 1.6} = 201
quite well, suggesting that the magnetization tracks an ordel < 0.8 < 10f
parameter and that ferromagnetic order is lost entirely at e Ok
iti i i R o 120 240 0 120 240
critical doping level &.) of 0.306+0.006. Beyond this com Temperature (K) Temperature (K)

position, the system is a spin glass.

The temperature dependence of the average hyperfine FIG. 7. Temperature dependence of the statiy &nd dynamic
field [(Bp)(T)] shown in Fig. 6 exhibits a clear break in (\) signals from ZFx SR for severab-(Fe, _,Mn,);SigB14 alloys.
slope atT,, for x=0.25, 0.275, and 0.30, outside this rangeln every case, the increase in static or@@ T., T,,, or Tsg) is
Ty is either absent(>x. or x<<0.20) or the contribution to associated with a peak in the fluctuation rate.

(Bps) from the transverse spin components is too small to be

reli_ably distinguished lc_>y this techniqugf 0.20 ar_1d 0.22p _density of points used arounf,,, and the high statistical
This same behavior will be seen later in ar!a'yz'”g the Stat"fquality of the spectraésee Fig. 3 are both essential for this
contribution to theuSR data. The observation of two clear latter estimate to be stable. Remarkably, the valuesTfgr

transitions aix=0.30, and only one_at:0.325, places<_c derived from M®sbauer are in perfect agreement with those
between these two concentrations, in full agreement with th%erived from " above, suggesting that the dynamic loss

estimate derived from analysis of the field-cooled magneti} ¢ . tibilitv is indeed closel ated
zation data. Fitting(By)(T) to a sum of two power-law eature seen in susceptibility is indeed closely associate

functions allows us to extract estimatesTofandT,,. The with the onset of static transverse order. This agreement at
Y three compositions does not support the earlier claim of dis-
. | . . | . tinct static (Tx) and dynamic Tg) events belowT.?°
14 % o x=0.250 Fitting the «SR data using the functions described earlier
e A x=0.275 yields the temperature dependences of the static relaxation
o x=0.300 rate (A), a measure of the static field seen by the muons, and
v x=0.400 the dynamic fluctuation raten) which tracks the fluctua-
] tions in the field at the muon sites. These fits are summarized
in Fig. 7 for four samples. The changeover from two transi-
tions to one clearly occurs betwers 0.30 and 0.325, again
placing X, in this range. Only a single transition is seen for
thex=0.350 sample as it is beyord and is therefore a spin
glass. The four samples 0.22%<0.30 each exhibit two
distinct peaks il\(T). The higher temperature peak is asso-
ciated with the onset of a non-zero static contribution and
thus clearly corresponds td., while the lower peak is
aligned with the break in the slope &f(T) and therefore
marks the freezing of the transverse spin componerig,at
As the Mn content is reduced, the contribution of the trans-
FIG. 6. Temperature dependence of the average hyperfine fiel4rSe spin components to the total ordered moment declines,
[(Bn)(T)] for severala-(Fe _,Mn,),¢SigB1, samples around, so that the increase id below T,, becomes difficult to
=0.31. The break in slope is a clear marker of the increased stati®©calize reliably. Even with the high density of points appar-

order atT,,. Dotted lines show continuation of fits from above ent in Fig. 7, the error o, at x=0.225 is about 16 K,
T however, the derived value is fully consistent with the two

I 1
160 240

Temperature (K)

Xy *
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FIG. 8. Comparison of static order signals from $dbauer ! LouYe !

spectroscopy  (By) and ZFuSR @) for %020 025 080 035 040
a-(Fey 709Mng 579 76SigB14. The data have been normalized to agree
aboveT,, in order to compare the change and signal stability below  FIG. 9. Magnetic phase diagram far(Fe,_,Mn,)cSigB14 de-
Tyy- rived from ac-susceptibility datax( for T¢, x” for Tyy), (B

. . _ . X(T) from Mossbauer spectroscopy, and bdthand A from the
dynamic determinations. Ak=0.20, only the fluctuation £ /sr Three transitions can be identified: ferromagnetic order-

peal§ athy was detected. ing atT., transverse spin freezing &, , and spin glass ordering

Figure 8 shows a direct comparison betweBg)(T) and  only for x>x, at T.,. Note the perfect agreement between inde-
A(T) for a-(Fey729MNg 27978SigB14, Normalized to agree pendent determinations df,, . The inset shows data for the whole
aboveT,, . Both show a clear increase &, confirming that  composition range studied.
they are each sensitive to the increased static order associ-
ated with the freezing of the transverse spin components. . )
While there is a significant rise iBy)(T) at Ty,, the X Mossbauer spectroscopy, and 4ISR, coupled with
change in the ZR+SR data is much larger. This is to be consistentTsy values obtained above;, provides strong
expected as the Msbauer measurement is dominated by theevidence that the analysis and transition assignments are cor-
effects of the iron moment, while the muons will be affectedrect and self-consistent. However, it is the behaviof gt
equally by Mn and Fe moments. Indeed, in thethatis the primary focus of this work. Only fa=0.2 do we
a-Fey,_ Ru,Zr;, systenmt where only iron moments are in- see a second transition beloVg, a result that is in full
volved in the ordering{By)(T) and A(T) track together accord with numerical simulation’s® There is excellent
over the whole temperature range. However, the greater seagreement betweel,, values derived from the various tech-
sitivity of the ZF-uSR data comes with increased noise. As aniques. Forx=0.275 and 0.300, we have four independent
time-domain techniquey SR is at its best in small fields. determinations ofT,, that agree to better than 5 K. The
Large static fields drive the signal into very early timesstatic, dynamic, and loss signatures Bf, are in perfect
where resolution and timing issues eventually dominate theagreement, with no systematic bias apparent in any of the
analysis. These effects are clearly illustrated by the scatteneasurements. While at=0.250, static data from Ms-
apparent belowT,,. By contrast, an energy-domain tech- bauer, and dynamics from bok{T) and x” are in complete
nique like Massbauer spectroscopy works better in highagreement. Bx=0.225, the change in the static ordefTgj
fields and yields a more stable, albeit less marked, increade too small for its onset to be reliably determined from
below T,y . (Bp)(T) and the estimate from (T) exhibits a substantial

The transition temperatures deduced from the ac{~50%) uncertainty. However the ZESR fluctuation
susceptibility data ' for T, x" for T,,), (By)(T) from  peak, and the maximum in the" loss signal are still clear
Mossbauer spectroscopy, and both and A from the and coincident. As was found in our earlier work on bond-
ZF-1.SR data are summarized in the phase diagram shown iitustrated alloys;®**all observed signatures %, line up
Fig. 9. Manganese doping has a severe effect on the magerfectly.
netic ordering of this system, driviri, down from 695 K at It is important to emphasize that the techniques that have
x=0 (inset to Fig. 9, to ~40 K atx,=0.31. A power law been used to determirlg,, with such good agreement probe
does not fit the composition dependenceTofparticularly — a very wide range of frequencies: ZESR-A (~1C Hz),
well, and extrapolating; to zero yields a rather poor esti- (By;)-Mossbauer 10" Hz), ZF-uSRA (~10° Hz), and
mate for the critical composition of,=0.33-0.02. This " (~10? Hz), yet they yieldT,, values that agree within a
failure is not unexpected, as the FM-SG boundarnyndgé  few K for five samples that exhibit transverse spin freezing
marked byT.— 0, but rather byl .—T,,. Indeed, a power- transitions at temperatures that change by more than a factor
law fit to 1-T,, /T is far superior, and yieldx,=0.309 of three. Furthermore, there is no systematic frequency re-
+0.004, in perfect agreement witk,=0.306-0.006 de- lated trend in theT,, values for a given sample. The scatter
rived earlier from field-cooled magnetization data. is random. A separation of,, into distinct static Tx) and

The excellent agreement betwe€nvalues derived from dynamic (Tg) events can therefore be ruled out. There is no
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evidence in our data to support the existence of a third tranfrom dynamic and static signaturéspor do we see any
sition belowT,, . indication of a third transition below, and T, .
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