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Anomalous magnetization cycle of UFglg single crystals: A Massbauer effect study
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An 5Fe Mssbauer spectroscopy study was performed on anAlfsingle crystal, in an external magnetic
field By, subtending an angle of 11° at theaxis. It shows that, even in low fields, the configuration of the
Fe magnetic momentgr., is consistent with the canted antiferromagnetic ordempf, established by
single-crystal neutron diffraction in a field of 4.6 T. The cantingof, is always observed towards the
direction of the U magnetic moments,, clearly showing that it is induced by, rather than byB.,. At a
certain value oB,,; during the magnetic domain rotation, the directiornugf is found to be temporarily frozen
approximately along the direction &,,;. This confirms previous magnetization and magnetoresistance data,
which show that for the same valuesB{,;, «, is blocked perpendicularly tB,,,. Furthermore, the present
study reveals that this blocking is a metastable state with a relaxation time of a few hours, at 4.2 K.
[S0163-182699)03230-0

INTRODUCTION Magnetization measurements confirmed a large magnetic an-
isotropy showing thaa andb are equally easy axé$Large

AFe,_ X, intermetallics A=f elementX=p elemen}t, = Magnetoresistance anomalies observed on these single crys-
which crystallize in the ThMp-type structure, space group tals suggest that during a cycle the global magnetization
I4/mmm may show relatively high Curie temperatures andremains blocked perpendicularly to the external magnetic
considerable magnetic anisotropy as observed inj8e!  field Bey.*® This interpretation is supported by the observa-
Phenomenological theories used to explain the magnetic bdion of steps in the magnetization curves measured both par-
havior of these materials rely on an understanding of théllel and perpendicularly t8,; and can only be understood
interaction between thé element and the transition metal if there is a large magnetic anisotropy within the basal
sublattice? The study of AFeAlg-ordered compounds, Plane:® In the UFgAlg system, where the U and Fe mo-
where the sublattices of Renagnetig and Al (nonmagnetic ~ Ments iy andure, respectively have different directions, a
are clearly separated, is an important contribution to thigonfiguration in which the total moment can remain perpen-
goal. dicular to By, may be a consequence of the complex inter-

In UFgAlg the U atoms occupy thea2sites and ideally
the 8f site is only occupied by Fe atoms, while the Al atoms
occupy the 8 and 8 sites(Fig. 1). This compound shows a
ferromagneticlike behavior below 150 kExtensive studies
by means of magnetization measurementssahauer spec-

troscopy, and neutron diffraction techniques on powder o &
samples led to contradictory interpretations of the magnetic
configuration of the Fe and U atorfis’ These conflicting .
results may in part be explained by slight deviations from € ® &
ideal stoichiometry as well as by a certain freedom of choice
of site (8f-8j) by the Fe atoni.In the UFgAI,_, interme- © 8

tallics, namely, in the case of UEgAlg 5, the resulting struc-
tural disorder was found to be strongly dependent on the
synthesis condition¥)

Large single crystals of URAlg (Ref. 11 have been re- FIG. 1. Crystallographic unit cell of UgAlg(ThMn,,type
cently prepared, and a systematic research program includingructurg. The U atoms are located at the origin and body-centered
magnetization, magnetoresistance, and neutron diffractiopositions (2 siteg. The & sites are fully occupied by Fe and the
studies on the single-crystalline material was undertakergj and § sites by Al.
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FIG. 3. Schematic representation of the alignment of the single
crystalline absorber in the Msbauer cryostaffor in-field Moss-
bauer measurementDirections of u, (darker vectorsand e,
(dashed vectojsfor the four magnetic domains are shown on the
right. ac are the canting ofir, towardsu ;. By; are antiparallel to
the correspondinger,.

C

thickness for Mesbauer spectroscopy, a slice was cut out of
the single crystal perpendicularly to the growth direction.
The obtained diskapproximately 5 mm in diametemwas
mounted on resin and polished until a thickness of.68
was achieved. The absorption coefficient of the 14.4 keV

actions between the differept, and ue. ' radiation for UFgAlg, estimated from the mass absorption
Single-crystal neutron diffraction studiéshave finally coefficient of the element® is 18.5 ma/crh. For this ab-
shown that in this compound, at 4.2 K, the Fe sublattice : ' grem.

. . : . -~ sorption coefficient, according to the criteria of Loagal.
orders in a commensurate antiferromagnetic configuratio e . ) T
: . or obtaining the best signal-to-noise ratio in 8&bauer
with a moment of~1.1ug per Fe atom, lying on the basal

L pectral® the optimal thickness of the single crystal should
plane of the t_etragonal structure. In a magr_wetlc field of 4.6 -If)e~20 Jum. However, since cracks were starting to appear at
and by polarized neutrons, a ferromagnetic ordej.gfon

) o : the surface of the material, further thinning of the crystal was
the basal plane, W'th.‘U_O'M'“B’ was deducedFlg.. 2. not performed in order to preserve the sample integrity. The
When the m_agnetlc field was applied along iba0) d”?c' 65-um-thick disk was mounted on the Msbauer cryostat in
t!on, the antlferromagnethe were, as a first approxima- - o 5 way that the-ray beam was perpendicular to the disk
tion, perpendicular t8,,;, but showed a weak ferromagnetic surface and therefore subtended an angle of 11° & thés
componen{Fig. 2). In combination with magnetization data, X

x o h in Fig. 3B I lied llel to th
a canting of the Fe moments of 25° towards Bg direction as shown In Hg ext WaS always appiied parafiel fo the

. . ray beam direction.
was estimated for a 4.6 T field, and the remanence measurg& 57>|/:e Mssbauer spectra were collected at 297 and 4.2 K
when Bg,; was turned off indicated a canting of 16° pf, .

. : using a conventional spectrometer wittt’€o source in Rh
tovxll\lardfﬂu %rcztwd(ad the U rrgjc_)(;nen: Wasf.St'" ?HAE. | matrix and a sinusoidal velocity vs time waveform. The
eutron data, however, did not contirm ?Sanoma Ousspectrometer was calibrated against afre foil. Spectra

magnetization process detected by Bonfeital. Up to

inf i thi \v obtained f with the sample in an applied external magnetic figld (up
tnov;, n ormar:th on this p{pcefs t\;lvasbolrlly 0 an:_e i romEo 5 T) were obtained at 4.2 K, after zero-field cooling
echniques which are sensitive 1o the bulk magnetization o ZFC), using a superconducting coil. The field at the source

UFeAlg. New and valuable information can be obtainedWas less than 50 Oe. The sample was kept<d20 h at
e ~ . .
from °'Fe Massbauer spectroscopy which only probes the F%ach value of the applieB,,; in order to collect spectra with

magnetic sublattice and therefore can give direct evidence Ofbasonable statistics. The spectra were fitted to Lorentzian

the rotation of the Fe moments, as Ion_g as the measuremenize using a nonlinear least-squares computer methote
are performed on a single crystal. Preliminary results showe idths and areas of the peak paifs6), (2-5), and (3-4) in
that at a certain threshold value B,,, when magnetic do- each magnetic sextet were always kept equal during refine-

mains are rotating, an energy barrier on the easy magnetizrment The fitting strategy for each spectrum is explained be-
tion direction perpendicular t®., was found® A Mdss- ' 9 % P P

bauer study of the full magnetization cycle is reported in this
work.

FIG. 2. Magnetic structure of URAlg in an applied field of 4.6
T (from Ref. 14. The solid points are the U atoms while the open
points are the Fe atoms.

The hysteresis curve of a single crystal of Ufg from
the same batch of that used to prepare thessbauer ab-
sorber was obtained in a superconducting quantum interfer-
EXPERIMENT ence devicd SQUID) magnetometer. The orientation of this

A large single crystal with UF@l, composition, grown crystal relative toB,,; was similar to that used in the Ms-

by the Czochralski method as described in Ref. 11, wa%auer experiment. Magnetiza_tion measurements were per-

aligned in a CAD-4 diffractometer. The growth direction of ormed at 4.2 K, after ZFC, withe, between—3 and 3 T.

the single crystal was found to subtend an angle of 11° at the

crystallographic directiol and an angle of 79° &, these

three directions being approximately coplanar. The hysteresis curve is shown in Fig. 4. In the range
In order to prepare a single-crystalline disk with a suitable1l.5 T<B.<2.2 T, where the domain rotation leads to a

MAGNETIZATION CURVE
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tric field gradient and both the polar and azimuthal angles of

the y-ray direction referred to the electric field gradient axes

M o system were knowff An analysis of the electric charge dis-

4 Ag tribution around the 8site is beyond the scope of this paper.
A first set of Massbauer spectra with the absorber at 4.2 K

i and in different fields was performed. Fg,= 0, after ZFC,

— the spectruniFig. 5), hereafter referred to a£1;0 T), may

. be fitted by a sextet with hyperfine parameters; quadru-

5 pole shifte, and hyperfine field,; (Table ), in good agree-

-1r ° ment with powder Mesbauer data.

° M The spectrum obtained witB.,,= 1.5 T (Fig. 5 was ana-

: lyzed assuming that the magnetic structure type deduced
from neutron diffraction at 4.6 T is also valid fdBgy,
=1.5T, probably with a smaller canting angle fog.. After
ZFC there are four possible magnetic domain directions de-
termined by the alignment @i along both directions of the

FIG. 4. Virgin magnetization and hysteresis curve of the@ and b axes. As referred to above, the single-crystalline
UFeAlg single crystal at 4.2 K. absorber was mounted in the B&bauer cryostat in such a
way that theb anda axes subtended angles of 11° and 79°,

steep increase of the magnetization wi,,, the virgin ~ respectively, at the direction &,,. The four magnetic do-

magnetization curve is characterized by a step between 1/mains can be identified by the angles betweep and

and 2.2 T(labeledA in Fig. 4) where the slope of tht vs  Bexi: y=11°, 79°, 101°, and 169¢Fig. 3 and Table L.

Bey CUIVE is very small. The magnetization value at this stepConsidering a nonzero canting, eight. directions corre-

M(A), is approximately half of the valul (B) obtained for ~ spond to this configuration. The anglég. between these

the sameB,,, (labelB in Fig. 4) after applying a field higher directions andBe,; as well as the angleg subtended by the

than 2.5 T, i.e., in a single magnetic domain state withugll  Bnr atBex are given in Table Il. Since ea®)y; is antiparallel

aligned alongB,,. The word “saturation” will be used to the correspondinge,*® all the 6= 60— 180°.

hereafter to designate this state although a slow increase of WhenB,, is switched on, as long as there are four mag-

M with Bgy is observed forB.,>2.5T up to the highest netic domains, eight magnetic sextets corresponding to eight

measured field 5 T. This slow increaseMfis interpreted as  effective fields at the Fe nuclei given by

a progressive alignment with Bgy,.
IoCo%sidering tr?e full h(;tsteresis gﬁrve, another stiep Berl(0) = VB2t Biy+ 2ByyBeqCOSO 1

beledC in Fig. 4) corresponding to a near-zeM value is 5. expected.

observed. Both steps andC are similar to those previously  The relative intensities of peak paiik,6), (2,5), and(3,4)
reported by Godinhet al'? and were explained by Bonfait for each sextet|; g, l,5, and g4, respectively, are deter-
et al'® as a blocking of the magnetization perpendicularly to,,inad by the angi%’ baneerB ff and the Masbauery rays
Bex that occurs during the rotation process of antiparallef o e direction 0B,y In an absorber with ideal thickness,
domains towards the direction &,. StepA, on the virgin | =, and| areeequal T

magnetization curve, corresponds to 50% of the domains™®" *°’ 34

Magnetization (pg/f.u.)
o

Applied field (T)

aligned perpendicularly and the remaining 50% parallel to 4sirt & By COSO+ By
Bext, While stepC corresponds to 100% of the domains 3:———:1 with cosng—. (2
aligned perpendicularly t8.,.% In contrast to what is ob- 1+cos ¢ hf

served at 4.2 K, the virgin magnetization curve obtained at 2 For a single-crystalline UBAI, disk with a thickness of

K (Ref. 13 shows an additional first step at 1/4 &Ff(B), _ ) . .
corresponding to only 25% of the domains aligned parallel to~.65 pm, the usual dimensionless thickness paramgier

Bext, also explained by the same blocking magnetizatiorg'ven by
phenomena. At 4.2 K this step is not visible probably be-

cause it occurs in a very narrow rangeB, values and due _ _ _
to relaxation phenomena. is ~6.6f5, where f, is the recoilless fractiongy=2.6

X 10~ *8cn the cross section at resonance for tiee 14.4
keV Mossbauer transitiof and ng, the number of’Fe at-
oms per criin the absorber. For this absorber the resonant
The Mdssbauer spectrum of the single-crystallineabsorption area is not concentrated under a single peak, but
UFeAlg disk taken at room temperature show an asymmetriés spread over several peaks, at least six being always re-
quadrupole doublet with isomer shiftand quadrupole split- solved in the Masbauer spectréFig. 5. Nevertheless, for
ting A (Table ) equal to those observed in powder URky ~ fpo~1,t, is still high and a linear dependence between the
samples. The point symmetry of the Bsite is 2, which  area of a peak and the-, contributing to that peak should
means that the electric field gradient is not axially symmetrimot be expected. The higher., the more reduced is the
(the main symmetry axis should be at least thregfdidthis  peak area relative to the value it should have if a linear
case information from the relative areas of the doublet peakdependence is assum&d,e., relative to the values obtained
can only be obtained if the asymmetry parameter of the eledrom Eq. (2).

tA=Neef a00,

MO SSBAUER MEASUREMENTS



PRB 60 ANOMALOUS MAGNETIZATION CYCLE OF UFeAlg. .. 4077

TABLE |. Estimated parameters from the S&bauer spectra taken at 4.2(&cept otherwise statg@nd in a magnetic field.,;. &
isomer shift relative to metallic Fe at 297 K.quadrupole splitting and quadrupole shift measured in the paramagnetic and magnetically
ordered state, respectiveB effective field at the Fe nuclely g andl, 5 areas of peak paird,6) and(2,5) relative tol 5 4 of each sextet;
| relative area of each sextétangle betweeB,,, andBy¢, 6, angle betweeB,,;andu; ac canting angle ofxr.. The estimated standard
deviations are<0.02 mm/s foré, &, andA, <0.2 forl, ,,, <2% for |, and<0.1 T for the refined.

Bext o Ae Bef l16 l25 I 02 ac 0,2
0T (297 K 0.16 0.33 100%
0T 0.28 0.12 11.0 2.5 0.8 100%
15T 0.28 0.11 10.9 2.6 3.4 11% 9¥5° 18°*=5° 11°
10.5 2.6 2.8 11% 114#25° 13°*£5°
0.13 12.4 2.6 0.4 17% <35° 79°
9.6 2.6 0.1 17% >156°
0.13 12.5 2.6 0.02 12% <27° 101°
9.7 2.6 0.6 12% >149°
0.11 11.8 2.7 2.1 10% 617° 18°*=7° 169°
11.4 2.7 3.0 10% 78%6° 23°+6°
2T 0.28 0.10 10.9 2.4 1.6 50% 98%° 19°*=5° 11°
0.13 10.0 2.4 15 50% 125°5° 24°+5°
5T 0.29 0.12 10.2 2.4 3.2 50% 112%1° 33°x1° 11°
0.12 8.4 2.4 12 50% 133°1° 32°x1°
15T 0.29 0.12 10.9 2.6 3.2 30% 9F%5° 18°£5° 11°
10.4 2.6 2.6 30% 117£5° 16°*+5°
12.4 2.6 0.4 20% <35° 79°
9.6° 2.6 0.2 20% >156°
—-15T 0.28 0.12 124 2.7 0.4 7% <35° 79°
9.6° 2.7 0.1 7% >156°
0.12 12.5 2.6 0.02 17% <27° 101°
9.7 2.6 0.6 17% >149°
0.12 11.8 2.6 2.4 26% 617° 18°x7° 169°
11.4 2.6 3.4 26% 7826° 23°£6°
—2T 0.28 0.12 11.0 2.7 15 50% 955° 16°*+5° 11°
9.9 2.7 15 50% 128%5° 27°+5°

@9 and 6, are always defined relative to tiB,;. When B, is negative the polar directions defined Bynd 6, are also reversed in the
coordinate system associated with the crystal axes.

bSpectrum taken ifB.=1.5T after applying a fieldfo2 T to the samle, for 10 min.

“Values kept constant during refinement.

The spectrums(1;1.5T) was therefore fitted taking as culated from Eq.(2) are >3, ~2.6/3 if they are~3, and
starting values of the hyperfine parameters the set of eight2.6/3 if they are<3. In the final resultgTable |) and
Beit given by Eq.(1) with Be,=1.5T,B;=11T, ¢ taken considering the experimental errors, the corredtegdwere
from Table Il assuming the canting angle.=16°,'* and  found to be consistent with the corresponding values esti-
I, 5 given by Eq.(2). Thel, s had to be kept constant during mated for theBy.
refinement] ; ¢, 6, and the quadrupole shiftswere refined, It should be noted that the difference between the esti-
but assumed equal for all sexteB;; and relative areat ~ matedB for the Fe atoms coupled o, with 6,=79° and
were allowed to vary. The pair dfvalues corresponding to 101° is=~0.1 T, similar to the estimated error for thgky
the Fe atoms antiferromagnetically coupled to the same (<0.1T). This is not the case for the othBg. Therefore,
direction were kept equal. In a second stage of refinement thehile all the sextets associated witt, approximately per-
I, 5 were recalculated in agreement with the new estimategiendicular toB, (i.e., coupled touy with 6,=11° and
Bei Values. After three or four stages of refinement,Bhg ~ 169°) are clearly distinguished from the other sextets, those
values did not vary significantly. Due to saturation effects,associated withur, approximately parallel toBe,, (i.e.,
the estimated values for theg are 2.6(Table ), lower than  coupled tou, with 6,=79° and 101f are not distinguished
the theoretical value 3. Values b 5 lower than those esti- from each other by the Mwsbauer data. Nevertheless, the
mated from Eq.(2) were therefore introduced in the final latter four sextets were kept in the final adjustment since they
stages of refinement, improving the quality of the fit. Theseproduce a better fitting than the analysis where their contri-
values take into account that the saturation effects are mofeution was reduced to only two subspectra.
important the higher theg, contributing to the Mesbauer From the analysis 0§(1;1.5T) it can be concluded that
peak, as referred to above. The ratios between the observeed2% of theu, are aligned along thle axis (=22% parallel
and theoretical values df, 5 are thus>2.6/3 if thel, s cal-  and=~20% antiparallel tdo) and~58% of theu, are aligned
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FIG. 5. Mcssbauer spectra of the Upeg single crystal taken at
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may also be deduced. No reliable estimatea@f can be
given based on the remaining four valuesBy due to the
B cosine type of dependence 6iiEq. 1]: when #<30° or
0=150°, uncertainties of 0.1 T iB are reflected in uncer-
tainties of~25° in # and, consequently, osac . Considering
the experimental uncertainties¢~18(7)° is ingood agree-
ment with the values of the canting angle deduced from neu-
tron diffraction for B¢, =4.6 T (25.4%9 and from the rema-
nent magnetization, 164 The a¢ estimated frons(1;1.5T)
for both magnetic domains defined b§;,=11° and 6
=169° indicates thajr, are canted towardg to which
they are coupled. In thé ;= 169° caseu are almost anti-
parallel toB.,. Therefore, while neutron data could only
deduce a canting Ofug, towards By, the analysis of
s(1;1.5T) clearly shows that the canting gt is induced
by wy and not byBgy.

The magnetic field was further increased up to 2 T, the
value corresponding to the step labet@dn the virgin mag-
netization curve(Fig. 4). In the spectrum obtained at 2 T,
s(1;2T), Fig. 5, the largesB that may be fitted is<11 T.

If some u; were still parallel toa, i.e., blocked perpendicu-
larly to By, Bess COrresponding t@ in the range 0°-11°, and
consequently larger than 12.5 T, should have been observed.
In fact, the spectrum is satisfactorily fitted assuming only
two values ofB.; (Table ) corresponding to9~98° and
~125°, i.e., consistent with all, subtending an angle of
11° at B, and an averagexc=22(5)°. Theaverageac
value is slightly larger than that measured wheg,,
=1.5T, however, considering the experimental errors this
difference is probably not significant.

The agreement between the experimental points on the
Mossbauer spectra and the calculated functions based on the
magnetic structure deduced from neutron data is good, as
may be seen in Fig. 5. At first sight, the fact that the zero-

4.2 K after ZFC in zero field and in applied magnetic fields of 1.5fjeld-cooled sample has reached saturation wRgg=2 T

T, s(1;1.5T); 1.5 T after being submittesb 2 T for 10 min,
s(2;2T,1.5T); 2 T,s(2;2T); 5T,s(2;5T); —15T,s(2;5T,

seems to be contradictory with the virgin magnetization
curve (Fig. 4). However, in order to obtain a Nsbauer

—15T), and—-2 T,_ s(2;5 T,—_2 T). The calculated f_unction is spectrum, the crystal is subjected By, during a much
plotted on the experimental points. Calculated magnetic sextets COlgnger time(~120 h than in the case of the magnetization
responding to the differenB.; values are also plotted slightly measurements performed in a SQUIB few minutes Un-

shifted. On the right-hand side are shown the directiong @fnd
e (See Fig. 3 deduced from the analysis of each spectrum.

alonga, but the data are not accurate enough to distinguis
between those which are parallel and those which are ant
parallel to a. From the B4 values corresponding t@
=101°*ac and 79%* a¢, an average valuexc~18(7)°

TABLE Il. Angles 8y, 0z, and 0 subtended byB,,; at uy,

Mee, @andBy¢, respectively.ac is the canting angle Oftre.

0y Ore 0
11° 101°— a¢ 79°+ ac
79°— ac 101°+ a¢

79° 11°- a¢ 169°+ a¢
169°— a¢ 11°+ ac¢

101° 11+ a¢ 169°—ac
169°+ ac 11°—ac

169° 101 ac 79°—ac
79°+ ac 101°—ac

der these circumstances and if the domain rotation is a ther-
mally activated process with a relaxation time at 4.2 K of a

II]ew hours, the blocking oM perpendicularly tdB,,; might

I]ave passed unnoticed by the $ébauer effect. A thermal-
activated process is consistent with the fact that, as the tem-
perature at which the hysteresis curves are measured in-
creases, the slopes ™ vs Be,; observed on the steps of
these curves become lardér® Furthermore, such a relax-
ation process can also explain why the virgin magnetization
curve obtained at 4.2 K shows only one step, whereas at 2 K
two steps are visibl&®

Since it is not possible to obtain a reliable” S&bauer
spectrum in a time much shorter than 1 day, the magnetic
domain configuration obtained during stép(Fig. 4 was
“quenched” by the following process. The sample was first
allowed to warm up to room temperatureell aboveT 4 of
UFeAlg) and then cooled down again to 4.2 K in order to
ensure that the crystal had no memory from previous mag-
netization processes. Spectrws(?;1.5T), the first of the
second set of Mssbauer spectra, was taken and found to be
similar tos(1;1.5T), thus confirming the virgin state of the
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6(c), are higher than i8(2;2T,1.5 T) where these peaks are
actually reduced to shoulders at the lowest- and highest-
velocity limits of the spectrum.

Starting the analysis of(2;2T,1.5 T) with the magnetic
sextets fitted t@(1;1.5 T) (Table ) and keeping constant the
values of theB.4=12.4, 9.6, 12.5, and 9.7 T, the fitting pro-
cedure shows that this change in shape is accommodated by
reducing to vanishingly small values the relative areas of the
sextetsB.=12.5, 9.7, 11.8, and 11.4 T. The suppression of
the magnetic sextets with larg8q is obviously necessary
to accommodate the observed decreasing in relative intensity
of the outer limits ofs(2;2T,1.5T); the elimination of the
9.7 T sextet is not so obvious from the shape of the spec-
trum, but it is not surprising since the corresponding are
antiferromagnetically coupled to those associated with the
12.5 T magnetic sextet. The last stage of refinement was
therefore performed neglecting these four subspectra and the

! ! spectrum was perfectly explained by four magnetic sextets
-2 0 +2 with the estimated parameters summarized in Table I. These
VELOCITY € mm/s ) data show that 40% qf .. are coupled tqu aligned witha

FIG. 6. Mdssbauer spectrums(2;2T,1.5 T) of the zero-field- and 60% twa parallel tob, the (;anting angle ofre being
cooled UFgAl, single crystal taken at 4.2 K and in an external field “C— 17(5) _S'm"ar to th?“_c estlmatec_j fors(1;1.5 T).'
of 1.5 T after being submitted to an external fief®2oT for 10 min. As explained above, it is not possible to determine from
The calculated functions plotted on the experimental points correln® Mossbauer data if the., aligned witha are associated
spond to(a) the simulated function assuming that al are parallel ~ With either 6,=79° or 101°, due to the similarity of the
to the b axis. (b) The simulated function assuming the magnetic Corresponding3¢ values. It is, however, possible to ascer-
domain configuration deduced from spectrafl;1.5T) (Fig. 5.  tain that the~60% of «\, aligned withb are parallel to this
(c) The function fitted to the spectrum. Arrows mark the Dopler axis. As the remaining 40% are perpendicular to it, khe
velocity ranges where differences in the relative absorption of thevalue measured along,,; should be approximately 60% of
three calculated functions are more conspicuous. the saturation value. According to the hysteresis curve,

M(A) is ~50% of the saturation valu@-ig. 4). The agree-
crystal. The zero-field-cooled crystal was then submitted tanent between the Misbauer and magnetization data is sat-
Bex=2 T for a short time, 10 min, and then brought back toisfactory considering the experimental uncertainties. When a
Bex=1.5T in order to avoid relaxation towards the saturatedield of 2 T is applied for 10 min, roughly the time taken by
state. The spectrus(2;2T,1.5 T) was accumulated at this @ SQUID measurement of thd in the B, range between
state(Figs. 5 and & The field 1.5 T was expected to be too 1.5 and 2 T, rotation of the whole antiparallel domain is
weak to force the rotation of the magnetic moments towardobserved. However, this rotation stops befpigare aligned
the easy magnetization direction closer to the direction ofilongBey; it stops whenu, are aligned along a perpendicu-
Beyx:. but hopefully strong enough to keep the magnetic dodar direction in agreement with the blocking & perpen-
main configuration achieved while the sample was subjectedicular to the direction of the field observed in the virgin
to2T. magnetization curve foBg,=2 T.

The spectruns(2;2T,1.5 T) is compared to the spectrum  IncreasingBqyagain up to 2 T, a spectrusf2;2 T) simi-
simulated assuming that alt, were parallel toB,, [Fig. lar to s(1;2 T) wasobtained, indicating that saturation was
6(a)] and to the spectrum calculated fe(1;1.5T) [Fig.  again reached wime2 T was applied during the time neces-
6(b)]. These figures clearly show that a different magneticsary to collect a Mesbauer spectruni,,; was increased up
configuration was achieved by the above described “quencho 5 T, and the spectrus(2;5 T) wastaken, confirming that
ing” process. all uy were parallel tob. The estimatedrc=33°+t1° is

In the simulated spectrum in Fig(8, only the magnetic significantly higher than the:c estimated from the spectra
sextets corresponding ®.4=10.9 and 10.5 T are present. obtained withBg=<2 T. Although the driving force fojge
Differences between the simulated spectrum andantingisu, as deduced frors(1;1.5T), when the sample
s(2;2T,1.5T) are particularly evident at the outer limits of is saturated and alt, are aligned along the easy axis whose
the spectrum envelope, marked by arrows in Figa),6 direction is closer to theB,,; direction, the canting angle
clearly showing that in order to f#&(2;2T,1.5 T), two more becomes larger, in full agreement with the increaseViof
sextets,B.4=12.4 and 9.7 Tbold in Figs. &b) and G¢)], with B, after saturatior(Fig. 4).
corresponding to eithef~101°+ a¢ or 6~79°*+ ac, have After saturation at 5 T, the field was reversed and brought
to be considered. down to —1.5 T. The spectruns(2;5 T,—1.5T) was accu-

On the other hand, spectsfl;1.5T) ands(2;2T,1.5T)  mulated while the field was kept at1.5 T (Figs. 5 and 7.
are also differenfFig. 6(b)]. In particular, the relative inten- Differences in the relative intensities of the peaks at the
sities of the lowest- and highest-velocity peaks observed imowest- and highest-velocity limits o$§(2;5T,—1.5T) as
the spectruns(1;1.5T), marked by arrows in Figs(l§ and  compared tes(1;1.5T) ands(2;2T,1.5 T) are apparertf.

RELATIVE TRANSMISSICN
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Finally, applyingBe=—2T, the spectruns(2;—2T)
similar to s(1;2T) ands(2;2 T) is obtained, confirming
that, as expected from the hysteresis cufive. 4 and a
thermally activated rotation process with a relaxation time of
a few hours at 4.2 K, all the magnetic domains have rotated
towards the nevB,,; direction and saturation was reached.

CONCLUSION

The directions ofur. deduced from the Mssbauer spec-
tra obtained for differenB,,; are consistent with an antifer-
romagnetic coupling ofcre Which are approximately perpen-
dicular tou, but with a large canting angle towards thg
direction. Msbauer data therefore confirm that the mag-
| | netic structure determined_by single-_crystal neutron data in
—1 2 0 +0 +/, an external f|eIoBext=4.6.T is also valid fo_r Iower_ f|eIQS, at

VELOCITY ( mm/s ) least down t01.5T.In this flelq at4.2 K, el.gme'dlrectmn's
corresponding to four magnetic domain directignmgneti-

FIG. 7. Massbauer spectrurs(2;5 T,—1.5T) of the UFgAl;  Zation along both directions af and b) are observed. For
single crystal after saturation, taken at 4.2 K, and in a reverse exBex=2 T the magnetic domain configuration changes and
ternal field of—1.5 T. The calculated functions plotted on the ex- tre COupled touy which are not favorably oriented relative
perimental points correspond ta) the simulated function assuming to B, rotate. The final directions gfr are consistent with
the magnetic domain configuration deduced from spectrunall w being parallel to the easy magnetization direction
s(1;1.5T) (Fig. 5 and(b) the function fitted to the spectrum. which is nearest to thB,,; direction.

The canting ofug~18°+5° for By,=1.5T agrees with
Previous neutron diffraction results. Since for this field the
zero-field-cooled crystal still has four magnetic domains and

RELATIVE TRANSMISSION

Fig. 5 and 7. In Fig. 7@ the spectrum calculated for
s(1;1.5T) is superimposed on the experimental points o
s(2;5T,—1.5T) in order to emphasize their differences. T o .
While in s(1;2T,1.5 T) the differences in shape relative to *Fe always tum towards thgw direction even if it is anfu-.
s(1;1.5T) were accommodated by the elimination of tWoparaIIeI toBext theT present data further show that the dr|\_/|ng
sextet pairsBo=12.5, 9.7 T and 11.8, 11.4 [orrespond- force for the canting is m_duced by, . When the crystal is
ing to 6,=101° andd,=169°), according to the analysis of satgrat_ed, a_II thq_uu directions are pa_rallgl to the easy mag-
s(2;5T,—1.5T), only one of the sextet pair§y=10.9, netgaﬂqn dII’eCtIOI’l. closer to _the direction B, andothe
10.4 T corresponding t,=11°, is virtually absent indicat- c@Nting is found to increase wie, from about 22% 5° at

ing that noy, are yet aligned along the neBy direction as 2 T upto 33%2° at 5 T, in agreement with the increase of

expected from magnetization dat&ig. 4. However, the M Wi;h Bex: after Saliurelltion islrgacrr]]e(ﬁig. 4. o
relative area estimated for both sextets of the i The most remarkable result is, however, the direct obser-

—11.8,11.4T amounts to only 50%, indicating that On|yvatio.n of the blocking ofure along a direction close to the
~50% of 11, remained frozen along the direction antiparallel 2PPlied field direction at a certain threshold value B,
t0 Bo (= 169°) and a large number50%, of u,, rotated (L5T<Bey<2T at 4.2 K during the magnetic domains
90°, giving rise to domains where, is aligned witha, This ~ rotation. Blockedug, are coupled tuy aligned along the
observation is at variance with the magnetization cyBlg. ~ €2SY Magnetization direction perpendiculaBlg,, in agree-

4) according to which alj remain aligned with the previ- ment with magnetiza.tion and magnet.ore_sistance J&"",ta’
ous direction of saturation down By~—1.5T. which showed a blocking of the magnetization perpendicu-

As in the case of the(1;2 T) spectrum, slow relaxation Iar%’ to thehapg_lfifed field at the Isami \S’albelggxt' i
phenomena can explain these results. Also after ZEC one ue to the different time scales o Q and sshauer .
would expect that the four possible magnetic domains ar easurements, the comparison between the results obtained

equally probable; nevertheless(1;1.5T) showed that the y both t_echniques _puts into evidence that the bIock_ingIof
fraction of the domains withu, parallel toa is higher than perpendicular s, is a metastable state. A guenching pro-

that of the domains withu,, parallel tob. A slow evolution ~ ¢€dureé had to be used in order to probe this state by the
of the magnetic system towards the configuration correMossbauer effect. From the present data it is deduced that

sponding to steph while spectrums(1;1.5T) was accumu- the rotation of magne?ic domains aligned perpendicular_to
lating and to stefC in the case o5(2;5T,—1.5T) would Bex IS only severely hindered as compared to those which
explain both data sets. Slightly above 1.5 T the rotation of'® antiparallel tB,. Given a long enough time, all the

the magnetic domains aligned antiparalleBg,, towards a magnetic dpmains rez?\ch the easy magnetization axis most
direction perpendicular tB.,;, is observed in the hysteresis favorably aligned relative to thBe,, direction. At the appro-

Fia. 4 Keeping th tem for 50 h in a field | priate field value, appr_oximately the mi_ddIe_ value of sPe_p
curve (Fig. 4). Keeping the system for n & feid fower n theM vs B,y curve(Fig. 4), the relaxation time at 4.2 K is

than, but close to, that critical value may allow the detectior! £ th d ¢ 2 few h
of the same effect, although at a slower rate. It should also p@f the order ot a tew hours.
stressed that, instead of relaxing towards an alignment of the
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