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Field dependence of the transverse spin freezing transition
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Transverse spin freezing aFe,,Zrg has been studied using longitudinal field muon spin relaxation in fields
of up to 5.5 T. The fluctuations associated with freezing of the transverse spin components are confirmed as a
robust signature of,, . A 1/B dependence fof,(B) is observed, in qualitative disagreement with all current
theoretical descriptions of the transition.
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T,y Marks the temperature at which a partially frustratedpersists throughTXg and down to the lowest temperatures
three-dimensional Heisenberg magnet develops static spixamined (-5 K).*'® ZF—uSR has further shown that the
components perpendicular to the ferromagnetic order estalﬁnagneti({ order is uniform, with no evjdence for magnetic
lished atT.. BetweenT, andT,, the system is ferromag- segregatiod. The system therefore provides an ideal test bed
netic, while belowT,, the magnetic structure is character- 0" the study of transverse spin freezing. The composition
ized by coexistng, and mutually perpendicular, d€P€ndence ol has been determined using ZFSR,™
ferromagnetic anaty-spin-glass ordering: exploiting both the increase in static order and the fluctuation

Comparisons between theoretical predictions and Ob§ignature predicted by numerical simulatidriEhe observed
served behavior yield good, qualitative agreement on théOrm of the phase diagram differs from that predicted by
y good, q 9 an-field theory in two major respeds(i) there is no

form .Of the phase diagrams .and the r.‘at“re and sequence idence for a third transition beloWw,, ; and(ii) T appears
orderings. Furthermore, semiquantitative agreement betwqu be a stronger function of thanT,,, the reverse of the
Xy

scaled transition temperatures and noncollinearity has begfio o, field prediction. Both features have also been observed
demonstrated for both bofdand sit@ frustrated systems. in Ru-dopeda-Fey, ,Ru,Zry,.% Better agreement is found
o .

However, detailed, quantitative tests are lacking, primarilyith the more realistic numerical simulations, in that only
because it is impossible to map the simplified exchange angy, transitions T, and T,,) are predicted, however, that
moment distributions employed in the models onto the unyork was not detailed enough to address the precise form of
known distributions present in the real materials. Furtherthe frustration dependences of the transitions.
more, changing the sample composition in order to map out | ongitudinal-field muon spin relaxation (LESR) mea-
a phase diagram necessarily modifies these distributiongyrements were made on the M20 beamline at TRIUMF.
again in an unknown way. Sample temperature was controlled between 5 and 300 K in
The work presented here addresses the issue of quantita-He-flow cryostat. The sample was 16 mm in diameter and
tive comparison by focussing on a single sample and usin@00 mg cm ? thick. Histograms containing 1-410" events
an applied field to modify the ordering behavior directly. We were acquired with a timing resolution of 0.8 ns. Longitudi-
confirm thatT,, persists in substantial external fields but is nal fields(i.e., parallel to the initial muon polarizatipof up
strongly suppressed. The functional form of this suppressioto 5.5 T were applied using a superconducting solenoid. In
provides a severe test of existing models of partially frus-all cases, the field was applied well abolg and the mea-
trated magnetic systems. By trackiig, in an external field surements made on field cooling, to eliminate any possible
at fixed frustration and composition, we are able to restrickample history effects.

our attention to two thermodynamically relevant variab®s: For a complete description oftSR methodology, the
andT.
We have previously shown that zero-field muon spin re-
laxation (ZFuSR) can be used to localg, through both 240t
the increase in static order and the peak in the fluctuation rate 200 | 3
associated with the ordering of the transverse spin
component§~8 The data presented below confirm that the g 160 s
fluctuation peak is readily observed in a substantial applied e 1207 %
field, and is therefore a robust signature of the transition. 80L& 44 i
a-FeZrigo_x is a well-characterized, metallurgically Ty ,@'@
stable, partially frustrated Heisenberg maghis. phase dia- 407 ,é’/ i
gram (Fig. 1) shows that it is ferromagnetic at=88, and %8—@ ’9'0 95 o4
enters the fully frustrated spin-glass statexsy92.8. Neu- x (at.%)
tron depolarization has confirmed that at all compositions
where ferromagnetic order is establishedTat this order FIG. 1. Magnetic phase diagram farFg.Zrpq -
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40— 005 T so the FM—M1 boundary(often called theG—T line) cor-
=35¢f v 1.5 T responds tdl,,. The third transition, M3+-M2, is associ-
Sa0 0 2.5 T| ated with spontaneous replica symmetry breaking, and
:2 5 ° 55T marked by the onset of strong longitudinal irreversibility. It
8 is generally referred to as thfe-T line.X” Subsequent work
g20 1 has identified an instability in the model at t6e-T line, and
215 casts doubt on the existence of theT line. Given the close
g 1.0 o _ relationship between the in-field and zero-field phase
:20 5 | diagrams'® the presence or absence of theT line in field
R can be related to the existence of the-MM?2 transition in
0.05% 120 zero field. Experimentally, the third transition (MM2) is

T (K) not seen, and given the otherwise perfect agreement between
the mean-field and numerical phase diagrams, is it likely that

FIG. 2. Temperature dependence of the dynamic relaxation ratﬁwis line is an artifact of the model

Ir: ;ilr:nezzrirgdfgfrirﬁnng#mbeirsc:)fbrsegrrve;de ?rt]agl\ll eC:: (I;is Note that a clear For the fully frustratedJ,=0 case, two lines with distinct
' field dependences are predicted. The upp@T) line

reader is referred to a number of excellent reviétvn our ~ marks the onset of transverse spin freezifigand should

earlier zero-field work on this system, the time-dependenscale as:

asymmetry between the forward and backward counters was

fitted using a product of a static Kubo-Toyabe function

(K-T)*® and an exponential decay reflecting dynanfidhe

application of a significant longitudinal field affects the K-T ) ) .

function in two ways. Firstly, it modifies the shape of the WhereAgy is a constant, and,, is the transition temperature

function, sharpening the observed minimum and moving thd" zero field. Similarly, the lowerA—T) line marks the onset

K-T contribution to earlier time&3-1°Secondly, as the field ©f replica symmetry breakint;,” and should scale as:

magnetises the sample parallel to the muon polarization, it

greatly reduces the amplitude of the K-T term, eliminating it TarxT,

entirely in the limit of perfect alignment. As a result, the

static K-T contribution was not resolved in most of the Mea-Thase two transition lines are in fact surfaces, and are con-

surements made here, and the analysis concentrated on tﬁlr‘i"uations of theG—T and A-T lines predicted in zero field

dynSaier:lg taerI?r.l itudinal field will favor ferromagnetic order for Jo=1. Given that we did not observe any evidence for
9 9 the A—T line in zero field®~® and the prediction that replica

B e e B e S o TMety fals on T Ine.we do ot expect our i
b y PP . P P In T,y to track with theA-T prediction. Furthermore, the

the relaxation rate X), shown in Fig. 2 for a number of experimental ordering behavior at, corresponds closely
. o . . y
fields, indicates that a peak corresponding {g was readily with that predicted at th&—T line. ForJ,>1, the mean-

observed in all fields used, confirming that fluctuations pro-. o .
X . . . field theory has to be modified to include a nonzero
vide a robust signature of,, . The fluctuation peak is re- AN P .
. ) Y magnetizatiorf* This leads to a field dependence for the gen-
duced in amplitude and, as expected, moves to lower tem- v . )
o eralizedG-T line of the form:
peratures as the field is increased.
Theoretical predictions for the field dependencd gfare
limited to mean-field calculations. Unfortunately, the TFHxTO( 1-

infinite-ranged interactions inherent to the mean-field ap- AFH)

proximation obliterate many subtle effects of exchange frusynfortunately, none of the three predicted forms describes
tration. For example, such models are unable to distinguiskhe observed field dependenceTgf, shown in Fig. 3. Even
bond' and sité frustrated systems. While short-ranged NU-the most likely candidatélc,,, which lies between th&—T
merical simulations are more accurate, and correctly reprognd A—T forms, does not come close to the data.

duce the different ordering behavior due to bbadd sité®  The observed field dependence is smooth and appears to
frustration, results for applied fields are not currently avail-pe saturating at high fields, suggesting a function of the form
able. We are therefore forced to restrict our comparisons tcrxyOc 1/B. If we introduce a scaling parametel,, both to

the predictions of mean-field models. adjust the rate of decline and also to cut off the divergence at

Frustration in the mean-field models is characterized by,erg field, then the field shift can be described by the simple
Jo. the ratio between the mean and width of tassumefl  fnction:

Gaussian exchange distribution. The solution of Gabay and

Toulousé yields three transitions in a partially frustrated 8 0 B
system(i.e., J,=1): a ferromagneti¢FM) phase transition Toy= Txy[l_ (3.4B)
at T, followed by two more (FM-M1 and M1—M2), at s
lower temperatures. The M1 state is characterized by coexhere the superscripted ‘0" an8” mark the values in zero
isting ferromagnetic and transverse spin-glass ordering anfield and an applied field. It is clear from the solid line in
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100 — T demagnetizing fieldsBp) which force the internal field to
be zero until the sample is saturated. The fit yieRls
80 =0.2+£0.4 T, somewhat below the-1.36 T expected for
this material with the field applied perpendicular to the
&= 60 sample plane. The field-cooling procedure adopted during
s the measurements allows us to rule out coercivity effects.
= 40 However, the ribbons were not clamped perfectly flat, nor
was it possible to orient the sample precisely perpendicular
20 to the applied field. Even a slight misalignment would lead to

a substantial reduction in the effective demagnetizing factor,
0 T S therefore a reduced value 8 is expected.
Bp (T) The conclusions of this work are straightforwaidg,, can
be followed in a significant applied field and it is strongly
FIG. 3. Field dependence of,, measured by LRtSR in suppressed. Existing theoretical predictions for the functional
a-Fey,Zrg. The solid line is a phenomenological fit described in theform of this suppression are incorrect. Further work in this
text. Dashed G-T) and dotted A—T) lines show the mean-field area will take two parallel tracks. We will extend the
predictions discussed in the text, corrected By and scaled to LF-uSR work to samples with higher and lower levels of
agreeat0and 5 T. frustration in order to map out the complefg,(J, ,B) sur-
face. In addition, we will extend the numerical simulations to
include externally applied fields.

Fig. 3 that this function fits the data remarkably well. In
making the fit,TSy was left as an adjustable parameter, on  This work was supported by grants from the Natural Sci-
principle, and the value returned was withi K of that  ences and Engineering Research Council of Canada, Fonds
measured in zero field, providing further confirmation thatpour la formation de chercheurs et I'aidéaaecherche, Que

the function is a reasonable description of the data. The scabec, the Australian Research Council, and the Australian
ing parameterJs, took a value of 1.50.3 T, which is con-  Nuclear Science and Technology Organization. The authors
sistent with the 1.36 T saturation polarization of this affoy. would like to thank the TRIUMF«SR support staff for their
The short horizontal section neBr=0 reflects the effects of invaluable help and advice.
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