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Determination of the magnetic domain size in the ferromagnetic superconductor UGe
by three-dimensional neutron depolarization

S. Sakarya and N. H. van Dijk
Interfaculty Reactor Institute, Delft University of Technology, Mekelweg 15, 2629 JB Delft, The Netherlands

E. Briick
Van der Waals—Zeeman Institute, University of Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, The Netherlands
(Received 12 January 2005; published 20 May 2005

Three-dimensional neutron-depolarization measurements have been carried out on single-crystafline UGe
between 4 and 80 K in order to determine the average ferromagnetic domaid. $ize found that below
Tc=52 K uniaxial ferromagnetic domains are formed with an estimated magnetic domain site 4f
=5 um.

DOI: 10.1103/PhysRevB.71.174417 PACS nuni®er75.60.Ch, 75.50.Cc, 61.12q

|. INTRODUCTION =4.036 A, b=14.928 A, andc=4.116 A, containing four
formula units. Ferromagnetic order sets inTat=52 K. The
Recently, the compound UGdas attracted much atten- saturated magnetic moment at ambient pressure igd/4,
tion because superconductivity was found to coexist withdirected along tha axis. Magnetic measurements indicate a
ferromagnetisnt:? Until this discovery, only superconduct- very strong magnetocrystalline anisotrdfysuperconductiv-
ing compounds exhibiting antiferromagnetic order had beeiity is found only in a limited pressure range between 10 and
known, such as DyMg8s, GdMo;S;, and TbM@Sg.®° Co- 16 kbar with a maximum transition temperature ®f
existence of antiferromagnetism and superconductivity was=0.7 K. In this pressure range, the magnetic moment is still
also found in the heavy fermion compounds, such as £eln1 ug/U. Within the ferromagnetic phase, a second transition
CePdSi,, and UPdAI;.5-8 In these cases superconductivity occurs atTy~ 25 K at ambient pressure, below which the
and antiferromagnetism appear simultaneously because timagnetic moment is enhanced. Therefore the temperature re-
Cooper pairs are insensitive to the internal fields arising frongion from T to Tx was named the weakly polarized phase,
the antiferromagnetic ordering when the superconducting conhereas the lower temperature regibs Ty was called the
herence length¥ is much larger than the periodicity of the strongly polarized phasg.
static antiferromagnetic-ordered structure. However, in a fer- In this paper we report on three-dimensional neutron-
romagnetic structure we expect that the internal fields do nalepolarization measurements performed on single-crystalline
cancel out on the length scale §fand therefore have their UGe, at ambient pressure between 4 and 80 K. Our principal
influence on the Cooper pairs. That ferromagnetic order exaim was to determine the ferromagnetic domain iz
cludes superconductivity is nicely demonstrated inUGe, and compare the value to the size-e#0 A estimated
ErRhB,%19 and HoM@S;,'* where standard BCS singlet- by Nishiokaet all3 on the basis of the hypothesis of field-
type superconductivity is suppressed when ferromagnetic otuned resonant tunneling between spin quantum states. Since
der sets in. Otherwise, if one would consider unconventionathe neutron is a very sensitive probe to local magnetic fields,
spin-triplet superconductivity mediated by ferromagneticneutron depolarization is an excellent technique to measure
spin fluctuations, the pairing is relatively insensitive to a lo-the average domain size and the domain-wall width.
cal magnetic field and can therefore coexist with ferromag-
netic order. On the other hand, when the ferromagnetic do-

main sized is much smaller than the superconducting Il. EXPERIMENT
;:iglr:jerence lengtlj, one effectively has no internal magnetic A. Experimental

The coherence length for UGe, is estimated'? to be The measurements were performed on the poly axis neu-
130-200 A. Interestingly, Nishiokat al,'3* considering tron depolarization analyzéPANDA) at the Interfaculty Re-
jumps in the magnetization at regular intervals of magneti@ctor Institute(IRl) of the Delft University of Technology.
field and at very low temperatures, estimated the ferromagfhe neutron wavelength used was 2.03 A, which corre-
netic domain sizel to be of the order of 40 A, by attributing sponds to a velocity of 1949 m/s.
the jumps to field-tuned resonant tunneling between quantum The neutron depolarization measurements on J@ere
spin states. Sincé would be several times smaller thgnit ~ performed on a single-crystalline sample with dimensions
was proposed that the ferromagnetism can be canceled o@# bx c=4.0x0.440x 3.0 mn?. The b axis was oriented
on the scale of the coherence length of the Cooper pairs. Thlong the transmitted neutron bedw) with a transmission
would imply that the pairing mechanism for superconductiv-length L and the easy axis for magnetizatianalong the
ity might be of the singlet-type after all. vertical axis(z) within the plate of the sample. The crystal

UGe, crystallizes in the orthorhombic ZrGarystal struc- has been grown from a polycrystalline ingot using a Czo-
ture (space group Cmm)y¥ with unit cell dimensionsa  chralski tri-arc technique. No subsequent heat treatment was
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given to the crystal. The illuminated area was a rectanglsion lengthL through the sample. Assuming;=0 for i
with dimensionsy X z=1X 2 mn? centered at the middle of # j, we define the correlation functicghas
the sample.

The measurements in zero field were performed during a £=2 . (4)
temperature sweep from 2 K up to 80 K and down to 2 K ‘

with a low sweep rate of 10 K/hr. The measurements inyjith these two quantities it can be shown that if there is no

nonzero field4 and 8 m7 were done during a similar tem- : b At )
perature sweep with a sweep rate of 25 K/hr. The samplmaICrOSCOpIC magnetizatiof{B)=0) the depolarization ma

was first zero-field cooled, whereafter the field was switchecfm.( 'S d|agor;:_;12|0and under the assumption @f=0 for i
on at the start of the measurements. The subsequent measu?tej- given by
ments were performed during heating and cooling in a con- D, = e (FIILEa} = XY, 2, (5)
stant field.
wherey=1.83x 1% s* T™1 is the gyromagnetic ratio of the

B. Neutron depolarization neutron and its velocity.
Intrinsic anisotropy is the depolarization phenomenon that
magnetically isotropic media the depolarization depends
n the orientation of the polarization vector with respect to
the propagation direction of the neutron beam. The origin of
this intrinsic anisotropy is the demagnetization fields around

The neutron depolarizatiofND) technique is based on for
the loss of polarization of a polarized neutron beam afte
transmission through @derrojmagnetic sample. Each neutron
undergoes only a series of consecutive rotations on its pa

sage through théerromagnetic domains in the sample. It is magnetized volumes in the sample. In the following we will

Important to note that th_e beam Cross section covers a hUQfssume that the demagnetization fields are negligible for
number of domains, which results in an averaging over th%eedle-shaped magnetic domains

magnetic structure of the whole illuminated sample volume. ) h - hen th le sh
This averaging causes a loss of polarization, which is deter- W& now discuss the casB) # 0. When the sample shows

mined by the mean domain size and the mean direction c@® Net magnetization, the polarization vector will rotate in a

sines of the domains. The rotation of the polarization during?’@n€ perpendicular to the magnetization direction. If the

transmission probes the average magnetization. sample shape gives rise to stray fields, the rotation apgte
The 3x 3 depolarization matriXD in a ND experiment related to the net magnetizati¢h) by

expresses the relation between the polarization vector before y y

(P% and after(P!) transmission through the samp(@* b= 77;LM0<M>: n;LM0M5<m> (6)

=DI5°). The polarization of the neutrons is created and ana- ) ] ) )

lyzed by magnetic multilayer polarization mirrors. In order Where 7 is a geometrically factor given in EqA14) for a

to obtain the complete matri®, one polarization rotator is féctangular-shaped sample arich)=M/Ms the reduced

placed before the sample and another one right after thgample magnetization in terms of the saturation magnetiza-

sample. Each rotator provides the possibility to turn the potion Mg=Mg(T). If the mean magnetic inductio{B) in the

larization vector parallel or antiparallel to the coordinate axesample is oriented along ttzaxis, the depolarization matrix

X, y, andz. The resultant neutron intensity is finally detectedis, for ¢>>(7/v)2|axx—ayy||_/2 (the weak damping limjt

by a®He detector. The polarization rotators enable us to meagiven by-8-20

sure any matrix elemerid; with the aid of the intensity of

the unpolarized beary Dyx=Dyy = g (PRI (anray)l2) cog g,
ls= hj%l' (1) ny =- Dyx = _(YZIUZ)L{g_(a"XWW)/Z} sin @,

wherel;; is the intensity forP® alongi and P alongj. The D,,= e (It

matrix elemenD;; is then calculated according to
JTeD O oD
g Po Is ' With the net magnetization along tlzeaxis, the rotation

) o angle ¢ of the beam polarization is obtained from the mea-
where P is the degree of polarization in the absence of ag rements by

sample. In our case we ha®y=0.965.

We now introduce the correlation matrix; b= arctar( Dyy — DHX> ®)
L - Dy Dyy
“ij = j X AB(xY, DAB;(X',y.2) ), ©) and ¢ is calculated with
0
£=-v?In{detD}/2y°L. 9

Aé(ﬂzé(F)—(é) is the variation of the magnetic induction,
angular brackets denote the spatial average over the sampds mentioned earlier, ND also provides information about
volume and where the integral is over the neutron transmisthe mean-square direction cosines of the magnetic induction
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10k ' ! ' ' | A off-diagonal elements are zero within the experimental un-
% B L M‘ 1 certainty in the studied temperature range. The measure-
a I WY UG ments for increasing temperature are qualitatively the same
o8 T o €, as those for decreasing temperatur ted
- . g perature, as expected. '
Or P vy ] The Curie temperature dfz=52 K is clearly indicated in
0 - . . . - - . . Fig. 1 by the kink inD,, andDy,. Note thatD,,=D,, below
an’ Tc indicates that there is no intrinsic anisotropy and hence
200 o oy omT ] that the magnetic domains produce virtually no stray fields.
O os} P e 7 FurthermoreD,,~ 1 indicates that all moments are oriented
07 [ Msdsauselloma 4T 1 along thea axis.
1.005 T T T T T T T T
Ny 1o0oF —> S J 1 B. Measurements in small field
N 09est Ak Al AR L . : o
Bz 1 Tziﬂ = | In Fig. 2 we show the determinant of the depolarization
2::2 e i o . . . matrix detD and the rotation anglé after passage through

the sample for measurements in fields of, respectively, 4 and
8 mT (after zero-field cooling The data of¢ have been
Temperature (K) corrected by subtracting the mean value abdygesince this
) __ rotation is merely because of the applied field.

FIG. 1. The diagonal elements of the measured depolarization at |ow temperatures the magnetic fieldapplied after
matrix D for increasing and decreasing temperature for W®@8 010 field cooling are too small to fully align the magnetic
other elements of the depolarization matrix are zero within the eX4omains. Therefore. the measurements for increasing and de-
f;g??sr‘tzlit#i?‘c;r;a'sn%b';f’zixzxeand Dyy the experimental uncer- creasing temperature do not yield the same results. Whereas

y y ' for increasing temperature the rotation shows an increase, for
. ] ) . decreasing temperature the data represent a monotonous
vector in the(ferromagnetic domains. These are directly magnetization curve, as expected for a field-cooled ferro-
given by the quantities; = a; /¢, wherei=x,y,zand can be  magnet. Close tdl. there is no difference between field
estimated from the measurements by cooling or field warming.
- Figure 2 shows that for 4 mT the depolarization is at the
. =1-2ImD;/In{detD}. 10
N ifint ) (10 same level as for 0 mT. AbovE,, however, extra depolar-
This equation is only valid for those directions that show noization occurs. This means the system gets more inhomoge-

0 10 20 30 40 50 60 70 80

net rotation of the beam polarization. neous, i.e., the domains grow and the magnetic correlation
length increasefé in Eq. (7)], leading to extra depolariza-
Ill. RESULTS tion. Close toT¢ the depolarization disappears because the

magnetic moment decreases sharply. For decreasing tem-
perature the determinant has the same shape as in the case of

In Fig. 1 we show the diagonal elements of the depolar0 mT. At 8 mT the determinant is already reduced belgw
ization matrix for UGeg measured in zero magnetic field. All indicating larger domains.

A. Measurements in zero field

1.2 ———————— 1.2

1.0} 1.0

08} 0.8}
Q Q

B

D 06 A S 061
o T

041 04 _

o8 sk FIG. 2. The determinant of the

measured depolarization matrix
0.0 0.0 rorammt detD and the rotation angleé of
the beam polarization after pas-

40r 4.0r sage through the sample of UGe
5 30} = il in 4 and 8 mT for increasing and
s c decreasing temperature.
= o0l % ~ 50l
= 20 - o= 20

1.0 3 = 1.0

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80
Temperature (K) Temperature (K)
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Again, the Curie temperature 3£=52 K is clearly indi-  thatD,,is slightly less than 1 in the ordered state. For such a
cated by the kink in deD and ¢. Also note the abrupt in- domain wall it is straightforward to show that the domain-
crease ing aroundTy=20 K. Evidently the system passes, wall thicknessé can be estimated by
with increasing temperature, from a strongly polarized phase
to a weakly polarized phase, as reported eatlier. —(mdy=1 _}( 6)

2\A)' (13

IV DISCUSSION which can be measured directly by EG0).

A. Model and results For the values oBg needed in Eq(12), we use the ex-

perimental magnetic moment of Ref. 21, which we convert

to magnetic induction, remembering there are four formula

units per unit cell. For the value af in Eq. (6) we takey
=0.6.

The measurements confirm that UGQe a highly aniso-
tropic uniaxial ferromagnet. Furthermore, the magnetic do-
mains are long compared to théaverage width, because

Dyo=Dyy indicates relatively weak stray fields produced by From Fig. 1 it is clear that the data for increasing and

the magnetic domains. This allows us to assuB@)  gecreasing temperature give slightly different results for the
_MOM(F) inside the domains. In order to analyze the data weferromagnetic domain sizkin zero magnetic field. The val-
consider a model where the sample is split iMolong  ues found ford=2A are 5.12) um when cooling down
needles along tha axis with a fixed widthA and a magnetic slowly and 4.41) um when heating up after fast cooling.
inductionBg= uoMs along thea axis. WithN; (N|) the num-  Both values are independent of temperature. These values
ber of domains with a magnetic induction pointing upwardindicate the domain size perpendicular to thexis (along
(downward, we can define the reduced macroscopic magnethe b axis). Along thea axis we assume the domain size is

tization of the sample, pointing along tzelirection, as much larger.
N,-N,  (B) The magnetic domain-wall thicknes$ divided by the
(m,) = B /4 (11)  magnetic domain sizd is calculated with Eq(13) from the
N +N;  Bs' experimental data in Fig. 1 and amountsdia=0.047123),

Each needle will have magnetic inductioror | with prob- independent of temperature. This giv#s0.22 um. The size

ability p;=(1+(m))/2 and p,=(1-(my))/2, respectively. of the domain-wall thickness is thus found to be only a minor

fraction of the domain size.
The polarized neutron beam traversing the sample will there- Analysis of the data in a small magnetic fi¢fig. 2 with

fore see a binomial distribution dfand |, which results in a Eq. (12) gives the results shown in Fig. 3 and Table I. For

depolarization matrbD with elements 4 mT and increasing temperatugafter zero-field cooling
the reduced magnetizatiofm,) remains equal to 0 up to
) Tx=20 K. As a consequence, is equal tod; and of the
same order of the zero-field values. Abolig however, the
- vBdL system gets magnetically soft afmi,) starts to increase lin-
Dyy=—Dyx= ~(10%)(BLI2A(L~m,)?) sm( 5 <mz)>, early toward~0.7. Domain walls are expelled abovg,
v sinced, increases much faster thadn (Note the logarithmic
vertical scalg.Although d, gets of the order of 10@m, d,
D=1, (12)  only reaches 2&m. When the domains grow in width, at a

and all other elements equal to (ote that, since we have certain moment it is no longer allowed to assuré’)
not taken into account the macroscopic stray fields, the angle ;, M(r) because stray fields produced by the domains have
¢ should be corrected by the factor gf [Eq. (6)] before g pe taken into account. The model, therefore, is no longer
calculating(my) in Eg. (12).) appropriate close tdc.
Within this binomial distribution model it is easy to show  For field cooling in 4 mT, the system has,)=0.6681)
that for the casém,)=0 the average ferromagnetic domain for the whole temperature range beldw. The values of the
sized is equal to A. Given a domain walli.e., two adjacent domain size are shown in Table I.
needles with an opposite magnetic inducjidghe probability When after zero-field cooling a field of 8 mT is turned on,
of forming a domain oh needles id2 ) and the average is the sample does get a macroscopic magnetization, in contrast
calculated byx,_ 1n( )"=2. When a f|eld is applied, we have to the case of 4 mT. Up tdx=~ 20 K the reduced magneti-
to distinguish between a domafwith sized,) in which the  zation (m)=0.2212) is independent of temperature. Then
magnetic induction is parallel to the field and a domain(m,) starts to increase up to 0.783 around 30 K and is
(with size d|) with opposite |nduct|on The probability of constant afterwards up 6. When cooling down in 8 mT,
forming a domain of sizen is p{~'p;=p{*(1-p;), which  (m,)=0.7081) over the whole temperature range belw
leads to d;/A=1/(1-p;)=2/(1-(my). Similarly, d;/A For field warming after zero-field cooling, the calculation
=2/(1+(my). of the domain sizes yields unexpected temperature depen-
In order to estimate the domain-wall thickne$sve as- dencies of domain sizes aboVg. As can be seen in Fig. 3,
sume thatm, changes sinusoidally from +1 to —1 over a according to the model the domain sizes grow ab®ydo
distanceé in the form of a Bloch wall. The consequence is decrease in size again at higher temperature. Clearly there is

Dux=Dyy= -(10)(BELI2A(1~m,)?) CO< o
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1.0 : . r , . 1.0
0.8 .A‘ 0.8 - s
PR R A AR AR AR AR A G, ¢
A, 06 -«— e A, 06 -— &£
5 5 g,
04t A - 04t s .
UGez é:‘ - 'y UGe FIG. 3. Calculated values of
0.2 3 1 02 st 2 the reduced macroscopic magneti-
R M‘r“‘x zation{m,) and the average ferro-
0.0 ' ' ' ' ' 0.0 ' ' ' ' ' magnetic domain sizes with mag-
ool i 4 mT ol ool G e 8mT | netic induction parallel(d;) or
A L] - . .
. -«— o . — ok % antiparallel (d)) to the applied
E |7 W L U £ R SRI 5, v P X magnetic field of 4 and 8 mT in
= q d’/M&“ Q'*.A“ 2 dT-/A“Am“:WVWVWVWVVﬁ UGe, for increasing and decreas-
5 i <« i aut v - ik PRI \‘df‘ r o] ing temperature, respectively.
R e ) s R
© N © e WWVWW
MAM“A/V d, o
1 , : ; . : 1 : \ : : :
0 10 20 30 40 50 0 10 20 30 40 50
Temperature (K) Temperature (K)

another source of depolarization, not accounted for by théarger than the 40 A predicted by Nishiok# al 1314
model. Since the field is strong enough to penetrate the In Fig. 1 it is shown thaD,, is less than unity below.
sample, additional depolarization arises from an inhomogeThis can be caused by the domain walls, but can also be

neous magnetic domain structure. accounted for by a misalignment. A simple calculation shows
that a misalignment of 8° would fully account for the values
B. Discussion of D,, below T.. The stated value 06=0.22 um [or &/d

N . =0.04723)] should therefore be regarded as an upper limit.
If the domain width becomes relatively large compared to From the above considerations we conclude that the do-
its length, stray fields become important and the simple _. o :
R, ) main structure of UGebehaves like in a conventional ferro-
model assumind3(r)=uoM(r) is no longer valid. Calcula- magnet. The magnetic domain size largely exceeds the su-

tion of the mean-square direction cosine alongzléection  perconducting correlation length of the Cooper pair. The
¥, With Eq. (10), indeed shows a decrease from unity abovemagnetic domain boundaries can therefore only give second-
Ty, indicating that the magnetic inductidhis not along the ary effects on the superconducting order.

a axis throughout the sample. The model can of course be
improved if we no longer assume a length/width ratio of
infinity (no stray fields for the domains. The simple model
together with our measurements, however, do show that the The ferromagnetic domain sizes of UQ®as studied by
magnetic domain sizes in zero field are a few micrometerseans of three-dimensional neutron depolarization at ambi-
and that by applying small fields the domains grow. Ourent pressure. We conclude that the existence of field-tuned
measurements therefore indicate that the domain sizes i@sonant tunneling between spin quantum stééss highly
UGe, at ambient pressure and down to 2 K are certainlyunlikely. The requirement of this model is a ferromagnetic

V. CONCLUSION

TABLE |. Ferromagnetic domain sizes in Ug#r increasing temperature after zero-field cooli@gC) and decreasing temperature in
field (FC). The sizes of the domains with magnetization parallel to the applied magnetic field is denotkdabg the domains with
antiparallel magnetization by,. Below Ty the domain sizes are temperature independent. Aiguée domains grow. The values shown
are at a few Kelvin belovlc.

oH Temp. dy (um) d; (um) d; (um) d (um)

(mT) incr./decr. T<Tyx T<Tx T=Tc T=Tc
0 ZFC, incr. 4.41) 4.41) 4.41) 4.41)
0 FC, decr. 5.12) 5.1(2) 5.1(2) 5.12)
4 ZFC, incr. 3.91) 3.81) 15020 25(5)
4 FC, decr. 46.8) 9.52) 60(10) 13(2)
8 ZFC, incr. 17.92) 11.41) 85(20) 10(2)
8 FC, decr. 48b) 8.21) 85(20) 10(5)
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I —_ By == 2 €1€0€3 |n[8 - (2X+ Elt)]
€1,60,60=%1
f E TM 1:€2,€3
! 22+ E3|
z ! B,= arctar( )
) : S e A o Gy e
1
| " S N 5 (A3)
y i where
i S=(2x+ e)2+ 2y + W) + (22+ e )2.  (Ad)
\..\ The rotation of the polarization of a neutron beam de-
w S pends on the line integral of the magnetic field along the
t neutron path. From the Larmor equati6av/ dt)P(t) =yP(t)

FIG. 4. Schematic | tofah | ized t>< é(t), or equivalently(d/dx)ls(x)=(y/v)l5(x)><I§(x) where
angula.r sémgleema Ic layout of a homogeneously magnetized recty _ 1 g3, 108 s1 T2 the gyromagnetic ratio of the neutron

andv its velocity, we get the general solution

domain size of 40 A, whereas our measurements indicate a I5(x 2) =4 ex Y X E=>(x’ 2)dx’ 5(—00 2
size a factor of 1000 larger. The observed jumps in the mag- Y2 = vl 24 Y2,

netization should be attributed to a Barkhausen effect as dis-
cussed by Lhotekt al?? The superconductivity, therefore, (A5)
exists within a single ferromagnetic domain. The domain

walls are not expected to strongly affect the bulk Cooper pai}Nhere we have defined the magnetic-field terisas

wave function, as suggested by Nishiaiazal >3 since the _ 0 B, -B
Si(;rgam wall is less than a few percent of the average domain Bxy.2=|-B, 0 B, |xy.2. (AB)
B, -B, 0
APPENDIX: EFFECT OF STRAY FIELDS INDUCED Thus, in order to calculate the rotation of the neutron-beam
BY A HOMOGENEOUSLY MAGNETIZED SAMPLE polarization because of a homogeneously magnetized

) . ) o ~ sample, the following line integrals are required
In this appendix we will calculate the magnetic induction

B generated by a uniformly magnetized sample with lethgth X(y,2) = fo B,(x',y,2)dX =0
width w, and thickness (Fig. 4). Moreover, analytical ex- —

pressions will be given for the line integrals éfalong the

path of a neutron. The center of the sample is taken as the - , , tuoM 5
origin of the reference frame. Y(.2=| By(X.y,2dx =~ . 2 eeIn((2y+ew)
Our starting point is the Biot-Savart law "°° €23

+(2z+ €l)?)

é(x,y,z):@ MX§XFdS+ﬂfVXI\£XFT, )
Amls T Aml. T Z(y,2) = f B,(X,y,2)dx
(A1) -
tugM 27+ €
where uo=47x 107 H/m, M is the magnetizationii the = 'L;ZT > e arctar( 2+ 63W)- (A7)
unit vector perpendicular to the surfasef the sampler the €213 2
vector pointing from the surfacgto the point(x,y,z), andr For completeness we also give the line integrals in the

the volume of the sample. Since the sample has a homogease the neutron beam is along thdirection
neous magnetization, the second term vanishes and,fwith

=M/M, we have X’(x,y):f B.(x,y,Z')dZ =0
,quf MXAXr
S

B= ds. A2
4 rs (A2)

Y'(x,y):J B,(x,y,z')dZ =0
A straightforward but tedious calculation shows that -

Be=— 2  eean[S-(2y+ew)] Z'(x,y) = J B,(X,y,Z))dZ = uoMI. (A8)

€1,€p,63=%1
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From Eq.(A5) and the above line integrals we get for the

final polarization I5(oo Y,2)= 5(y,z) X I5(—oo ,Y,2)  with
5(y,z) equal to
S cosay3, Z\3sinays  -Y\IsinaV>
% -Z\3sinays Z2cosayI + Y2 YZ(1-cosa\l) |,
Y3 sinaVS  YZ(1-cosa\3) Y2cosays +Z2
(A9)
where3(y,2)=Y2(y,2)+Z(y,z) anda=y/v.

PHYSICAL REVIEW B 71, 174417(2005

An infinitely narrow neutron beam passing exactly
through the middle of the sample will only have its polariza-
tion rotated byB,(x,0,0 since B,(x,0,0 and By(x,0,0)
vanish. As long asr?(y,z) is small compared t@?(y,z),
which is valid if (y,z) is sufficiently far from the edges, Eq.
(A11) is a pure rotation matrix.

It is now possible to calculate the magnetization of the
sample from the measured rotation angiey. (8)]. If no
stray fields were present, the rotation angle would be given
by tuoMy/v. However, the stray fields reduce the rotation
angle toy/vZ(y,z) with Z(y,z) given in Eq.(A7). We can

Now Eq. (A9) relates the initial polarization to the final therefore define the geometrical factpras

polarization for a beam passing through the samplg & .

For a neutron beam with finite cross section, the malirix

¢ = nuoMtylv, (A12)

should be integrated over the beam cross section. If the in-
tegration is symmetric relative to the origin, then we canwhere 7(y,z) is given by

make use of the fact that
By( e‘le €2y5 632) = 6263By(xa y! Z) ’ (Alo)

where €, €;,e3=+1. This means thaB,(x,y,z) and, there-
fore, Y(y,z) are antisymmetric with respect yoandz. There-
fore, from Eq.(A9), we only have to integrate the matrix

L S cosay3, Z\3 sina\3 0
S Z\3 sina\y Z2cosa\ + Y2 0
0 0 Y2 cosays + 72

(A11)

over the cross section of the neutron beam.

27+ 63'
2y + e;wW

7(y,2) = 1 > e arctar< ) . (A13)

62,63

Since7(0,0) is a saddle point7(0,z) has a local maximum
and 7(y,0) a local minimunj, an average over the cross
section of the neutron beam, centered around the middle of
the sample, will yield a result very close to the value of
7(0,0), which is given by

—garctar<|—)
™ w/’

(A14)
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