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Muon spin relaxation examination of transverse spin freezing (invited )
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Muon spin relaxation has been used to study transverse spin freeziagFgZrio,_ x and
a-Fey,_RuZrio. The derived phase diagrams, while generally consistent with model calculations,
exhibit some significant differences. Comparison between zero-field and applied field measurements
shows thafT,, is strongly affected by a field and falls 851, contrary to mean field predictions.
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I. INTRODUCTION magnetic order established Bt. However, this description
fails at two levelq(i) there is no direct evidence for the pres-
T,y marks the point on cooling a partially frustrated fer- ence of clusters, andi) there is no loss of ferromagnetic
romagnet wherecy-spin-glass order develops in the planeorder belowT,,. The uniformity of the ordering has been
perpendicular to the ferromagnetic order establishe@i.at  confirmed by careful analysis of Mebauer spectra obtained
BelowT,,, both types of order coexist uniformly throughout in the vicinity of T,, which set an upper limit of 0.5% on the
the material. The phenomenon results from a delicate bakraction of iron atoms ira-FeZr;o_, (atx=90) that could
ance, much as the liquid does R-V-T systems: frustra- pe present in isolated cluster® Similar limits were placed
tion must be present or only ferromagnetic order is observetsn the cluster concentration for 8 <93 using uSR?
while too much frustration leaves only the spin glass. However, it is the demonstration that long-range ferromag-
Transverse spin freezing is observed in a wide variety ohetic order persists througff,, down to 5 K (i.e., T
experimental systemisand has been predicted by both mean<0.1T,,)'° that ultimately allows us to dismiss cluster-
field> and numerical models of Heisenberg spin systems. pased models. The ferromagnetic orders persists at all tem-
The issues that remain therefore @econfirming that the peratures below ¢, and is only lost when the level of frus-
experimental signatures observed are indeed those of trangation becomes too high for ferromagnetic order to develop.
verse spin freezing, and not the result of other effects, angthe system is then never ferromagnetic and enters the spin
(i) accurately testing and providing guidance to detailed theglass state on coolint.
oretical models of the phenomenon. Many experimental QOne problem limiting direct comparison between experi-
techniques have been used to settle the first issue, whilgent and theory is that it is difficult to relate the simplified
muon spin relaxationuSR) is now making a substantial exchange and moment distributions assumed in the models
contribution to the second. to the essentially unknown distributions present in real ma-
The most direct experimental evidence for transversgerials. However, we can scale out these variables by con-
spin freezing has come from Msbauer spectra collected on structing two dimensionless ratios: the first is a measure of
field cooling throughT,,. The magnetic field is used to ori- the system’s collinear order, the ratio between the magneti-
ent the ferromagnetic order aboVg,, and then the ordering  zation along the axis,M, and the total momerg This ratio
of components perpendicular to this order is detectedanges from one for a ferromagnet to zero for a spin glass.
through changes in line intensities in the 84bauer spec- The second is the ratio of the transition temperatures
trum. Data from AuF&and a-Fe—Zr alloys have clearly (Txy/Tc). Figure 1 shows that this procedure yields close
confirmed the basic nature of the transitionTgy. Further-  agreement between numerical simulations and experiment.
more, by exploiting the electric field gradient in crystalline sjnce the numerical and mean-field models both agree on the
AuFe as an internally defined axis, it was possible to shovorm of the expected phase diagram and provide a consistent
that transverse spin freezing occurs spontaneously and doggscription of transverse spin freezing, and the numerical
not require an external field to define the ferromagnetic ormodel yields the correct scaling between the noncollinearity
dering directior?. and the transition temperatures, it seems reasonable to pro-
It is important to note that alternative explanations of thegeq assuming that the basic phenomenology is established.
observations in terms of magnetic inhomogeneities, or clus-  The work presented here concentrates on examining the
ters, can be ruled out by additional measureme_nts. Thestfetailed behavior around,, and comparing it to existing
cluster modelSappeal to the presence of magnetically iso-theoretical models. Our starting point is the prediction by
lated regions that order at a temperature below that of thg,merical simulations that transverse spin freezing should be
ferromagnetic matrix and lead to a breakdown of the ferroygggciated with a significant fluctuation péalkle have ex-
ploited the excellent sensitivity oftlSR to both static and
dElectronic mail: dominic@physics.megill.ca dynamic magnetic behavior to demonstrate that this dynamic
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' ' ' ' ' 0.1-0.4 at. % so actual, rather than nominal compositions

1.0¢ d>¢ ] are quoted here. K« x-ray diffraction on a conventional
% automated powder diffractometer, and room temperature
0.8r- A 7 Fe Massbauer spectra were used to confirm the absence of
ﬂ A A crystalline contamination.
QNQG‘ A ] ZF-uSR measurements were made on the M13 and

M20 beamlines at TRIUMF. Sample temperature was con-

0.4 © Simulations 1 trolled between 5 and 300 K in a conventional He-flow cry-
© a-FegnxZrig-x ostat. Field-zero was set to better than 0.01 mT using a Hall
0.2 ° @ FeggyRulryg 7 probe (M13) and to 1T using a flux-gate magnetometer
o a-FeggScyy L (M20). Samples consisted of15 layers of 20um thick
00 02 02 08 08 1% ribbons clamped between copper rings to give thicknesses of
Txy/Tc 170-200 mgcri® over a 16 mm diameter active area. A

pure silver (99.99% mask® prevented stray muons from
FIG. 1. Universal scaling plot showing the degree of noncollineatip ~ Striking any of the mounting hardware. Essentially 100%
ratio of the magnetizatiotM,, to the total momen$) plotted as a function ~ spin polarizedu™ were implanted with their moments di-
of Ty, /T.. The numerical simulationfsee Ref. Bare in semiquantitative  rected in the backward directiofe., alongz). The subse-
agreement with data from-Fe—Zr (see Ref. § Ru-dopeda-Fe—Zr, and o100t decaye* is emitted preferentially along the moment
a-Fe—Sc which is a spin glass. . . . 4 . .
direction. The rotation of the™ spin is conventionally fol-
lowed by plotting the asymmetrgA) between scintillation
egetectors placed in the forwaf&) and backwardB) direc-
tions relative to the initiaju ™ flight direction A=B—F/F
+B) as a function of time. Histograms containing 1-4

Méssbauer data earlieand therefore provide an unperturbed x 10" events were acquired with timing resolutions of either

window onto the ordering behavior of partially frustrated 0'625_ ns(well below T¢) or 1.25 ns(below T,C to 30,0 K.

magnetic systems. The time-dependent asymmetry was then fitted using a con-
Data on two related systems are presentefie Zr,q,- ventional nonlinear least-squares minimization routine to

X . .

is a well-characterized, metallurgically stable, partially frus-functional forms described later. ~ _

trated Heisenberg magriett is ferromagnetic ak==88, and Ir_] addition, preliminary longitudinal-field muon spin re-

enters the fully frustrated spin-glass state at a critical concer]@X@tion measurements were made @ifey,Zrg using the

tration ofx,~ 94° Neutron depolarization has confirmed that M20 beamll.ne..LongltudlnaI fields.e., paralk_al to th_e initial

at all compositions where ferromagnetic order is establisheUON Polarizationof up to 5.5 T were applied using a su-

atT,, this order persists through,, and down to the lowest perconducting solenoid. In all cases, the field was applied

temperatures examinde-5 K)_lo,nyMSR has further shown Well aboveT,, and the measurements made on field cooling,

that the magnetic order is uniform, with no evidence forto eliminate any possible sample history effects.

magnetic segregatioh.The system therefore provides an

ideal_ test bed for the study. of transverse spin fre.ezing”,_ DATA ANALYSIS

Applied-field Massbauer studies have indicated the is o 1

~94, however’ recent Zero_fie'ﬂSR (ZF—,LLSR) work has Many excellent descrlpthﬂS'Of ZEL—SR EXISJt so for

placed the boundary below= 93. We therefore concentrated the purposes of the data described here we note only the

our efforts on the 92x<93 range in order to settle this following. The materials studied here are both structurally

discrepancy. Unfortunately, the critical composition for thedisorderedi.e., glassy and magnetically disordered as a re-

loss of ferromagnetic order ia-FeZr; o0 lies at the limit s_ult of exchange frustration, therefore we expect a d|str_|bu—

of the glass forming region, precluding investigation of thetion of local fields to be present. For a system with an iso-

behavior significantly beyons.. To overcome this limita- tropic Gaussian distribution of static local flellgs, the

tion, we turn to a ruthenium-doped seriesFey,_,Ruzr,, asymmetry will follow the Kubo—Toyabé&-T) form

wherex,=2.5"1131and the glass is stable at least as far as 1 2 (A1)

x=201° GZ(A,t)=§+§[1—(At)a]exp{— - }

peak is indeed present and coincides with the expect
growth in static order aT,,.>****The uSR measurements
are made without having to apply an external fiéd the

@

with =2, so thatA/y, is the root-mean-square field. This
function (see insets to Fig. 2 at 110 and 5 Kxhibits a
Meter-length ribbons 1-2 mm wide afFe,Zr;oo_x and  minimum atAt= /3 then recovers tg for long times. The
a-Fey_RuZro were prepared by arc melting appropriate static contribution close td, had a K—T minimum that was
amounts of the pure elemer(se 99.97%, Ru 99.9%, and Zr too shallow to be reproduced by the standard form. This
99.5% under Ti-gettered argon, followed by melt spinning behavior has been attributed to an excess of low-field sites
in 40 kPa helium with a wheel speed of 55 m/s. Samplebeyond that given by the assumed Gaussian distributfon
compositions were checked by electron microprobe andVe modeled this shallowing ne@ by introducing the scal-
found to be~0.1 at. % Fe rich of nominal in all cases. The ing powera that serves to smoothly interpolate between the
Ru-doped series exhibited some loss of ruthenitypically ~ form expected for a Gaussian distribution of fields=2)

Il. EXPERIMENTAL METHODS
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0.01g 1 2 3 4 5 FIG. 3. Temperature dependence of the static relaxation(sgtshowing
Time (us) the steady reduction in ordering temperature with increasing frustration and

the effects of transverse spin freezing. Solid lines are fits to a sum of two
FIG. 2. TypicaluSR asymmetry spectra fa-Fey, Zrg s at 240 K(above  modified Brillouin functions.
To), 110 K(below T, but aboveT,,) and 5 K(belowT,,). Insets show the
early time region of the data where, foK T, the static K-T minimum is

observed. Solid lines are fits to the functions. The data in Fig. 2 illustrate a primary strength 08R:

static and dynamic magnetic effects can be observed simul-
taneously and they are sufficiently well separated in the data

and a Lorentzian distributiofir=1).2° « was found to start that they can be distinguished with great reliability. In Fig. 2,
close to one r|ght a't'c but recovered to 1:80.2 within 30 K the static K—T contribution is confined to the first 20 ns,
below T.. While it affects the detailed shape of the K—T While the dynamic decay is spread over the remainings5
decay,« has little effect on the value ok derived from a

given data set. The asymptotic valuejokflects the fact that v RESULTS AND DISCUSSION

on average; of the muons will have their moments parallel ) )
to the local field and therefore do not precesgT) exhibits Figure 3 shows the temperature dependence of the static
a Brillouin temperature dependence when transverse spifder for arange of compositions. It is immediately apparent
freezing is absenf and follows the average hyperfine field that the orden_n_g temperature falls with increasing iron con-
when transverse spin freezing is preséntve will therefore ~ tent (x). In addition, there is a clear break in the temperature

treat A as a measure of the static ordered moment in whafieépendence of in all but thex=93 data.A(T) was mod-
follows. eled as the sum of two modified Brillouin functidigo re-

Above T, there will be no magnetic order and, hence, flect the successive ordering of first the longitudinal compo-
no static field. However, the presence of neighboring monents atT. followed by the transverse componentsTay,.
ments that fluctuate in time will lead to a dephasing of theWhile the increase in static order &f, is expected, it is not
muon polarization by a process analogous to spin-lattice redS convincing a demonstration of transverse spin freezing as
laxation in nuclear magnetic resonandg) and an exponen- the clear peak observed in the dynantiy. 4). On cooling,

Further cooling leads to a steady reductiorhias magnons
Ag=Agexd — (\t)~], (2)  freeze out. However, there is a further increas@ gt, and

this peak is far clearer than the break in the slopé (7).
The data in Fig. 4 have been fitted with a Curie—Weiss di-
vergence on cooling towards. and a Gaussian peak for the
Jluctuations afl,y .

where\ is an effective relaxation rate. This stretched expo
nential gave an excellent fit to the datd.was generally
close to one abové&, but fell as low as 0.3 immediately
below T, . In cases where both static order and fluctuation

are present, the asymmetry decays according to the produc% The fits toA(T) andA(T) yield tV.VO es’umate_s for each
of the two functions of T; andT,,. These are plotted, with our previous results

on this system? in Fig. 5. As before, we obtain excellent
A=A4G,. (3 agreement between the static and dynamic estimates of both
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FIG. 4. Temperature dependence of the dynamic relaxatior{xashowing
the high temperature divergenc&. merging with the lower temperature
peak (T,,) with increasing frustration. Solid lines show fits to a Curie—
Weiss divergence af; and a Gaussian fluctuation peakTgy, .

T, andT,, by «SR and also with results frop,. and Mcss-
bauer spectroscopy. The form of the phase diagram is co
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FIG. 6. Magnetic phase diagram farFey,_RuZr;o showingT, and Ty,
deduced fromuSR data.T.s derived fromy,. measurements on the same
samples are also shown, as dandT,, values obtained using zero-field
Mossbauer spectroscopy.

The first point is a significant departure from existing
theoretical models. Both numeridand mean-fielt phase
diagrams show a linear frustration dependence for both tran-
sitions. Even though we are varying composition rather than
frustration,T,, varies linearly whil€T; declines much faster.
This behavior is even more marked in theFey,  Ru,Zrq
phase diagrartFig. 6). Here, some of the decline i, could
be attributed to a reduction in the Fe momé&nand the
average exchange in the Ru-doped system is clearly weaker
as the transition temperaturexatis nearly 40 K lower than
in the binary system(Fig. 5. However, these differences
should affect botT; andT,, . We therefore believe that the

sistent with the model predictions, and close examination oftroNger composition dependenceTefon approaching in

the behavior aroung= 93 shows thak.~92.8, significantly
determined by applied field ‘S&bauer
spectroscopy,but consistent with our earlier ZR:SR? and
depolarization resulty. However, two departures from ex-
pectations are apparerit) T, is clearly a stronger function
xy» and(ii) the Massbauer values for

below that

of composition thanT

Txy lie well below those derived froqaSR.

T (K)

FIG. 5. Magnetic phase diagram farFgZr,o , showingT; andT,, de-
duced fromuSR data.T s derived fromy,. measurements on the same
samples are also shown as dreand T,, values obtained on an indepen-
dently prepared series of alloys measured using applied-fieldshéer
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both systems represents a real departure from the theoretical
predictions.

The second difference, systematically low $gbauer
values forT,,, is only seen for tha-Fe—Zr data, while the
values for the Ru-doped series are consistent with, or slightly
above the correspondingSR results. We attribute this dif-
ference to the manner in which the Bkbauer measurements
were made. Tha-Fe—Zr values were obtained in fields of
3-5T, while those for the Ru-doped series could be obtained
in zero field, as the temperature dependence of the hyperfine
field [B,;(T)]*! exhibits the same clear break in slope as
A(T). These results strongly suggest tfig}, is reduced by
an applied field, and serve to underline the need to study the
effects of frustration in zero external field. They also explain
why the Mcssbauer estimate for, in a-Fe—Zr was too high.
With T,, systematically underestimated, the composition
whereT. andT,, are extrapolated to meet is shifted to larger
X.

Given the severe effects of an applied field By, (the
value forx=292 is reduced by a factor of 2 from its zero-field
value it is somewhat surprising that the scaling plot in Fig. 1
works at all, as it combines results both with and without an
external field and compares them with zero-field simulations.
Since the scaling works, it implies thag, /T, andM,/S are
strongly linked, even in an applied field, and that the track
followed by the data in Fig. 1 is a universal curve that holds
whether the measurement is made with or without a field.
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