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Temperature modulation of the antiferromagnetic 
Susceptibility of high-purity single-crystal terbium 

T J McKenna, S J Campbell , D H Chaplin and G V H Wilson 
Department of Physics, University College, The University of New South Wales, 
Australian Defence Force Academy, Campbell, ACT 2600, Australia 

Received 14 September 1990 

Abstract. Detailed measurements of the AC magnetic susceptibility ~ ' ( 7 )  and its response 
S ( T )  = A,y'(T)/ATto a thermal modulation wave have been carried out around the narrow 
helical antiferromagnetic (AF) region (about 221-27.9 K) of a high-purity single crystal of 
terbium. along its magnetically easy b axis. We have extended existing theories of AF 
susceptibilityolspiralspinstructurestodemonstratethdt the number ofspinsin theinterven- 
ing domain wall should decrease with increasing temperature. The ~ ' ( 7 )  and S(T) results 
obtained on cooling into, and warming from, the AF region, without crossing T,, are 
consistent with this theory. SignificantlyenhancedAFsusceptibilityandcorrespondingeff~ts 
in S(7)  are observed on warming from the ferromagnetic region into the AF region. This 
behaviour can be accounted for by a spatial alignment of ferromagnetic islands centred on 
magnetic inclusions and/or thicker aligned domain walls of ferromagnetic character that 
separate AF domains of opposite chirality. 

1. Introduction 

In this paper we present the findings of a detailed AC magnetic susceptibility study of the 
antiferromagnetic (AF) region of a high-punty single crystal of terbium. The results and 
analyses are based primarily on the temperature modulation technique in which the 
response of the in-phase AC magnetic susceptibility x' to a thermally modulated wave 
ATis determined by S(T)  = Ax'(T)/AT. Previously we have presented a temperature 
modulation study of the helical spin AF region of polycrystalline dysprosium (McKenna 
eta1 1983). The results were consistent with the existence of spiral spin (ss) domains in 
the AF region (Palmer 1975) and with the formation of an ss domain structure which was 
found to be different on warming the sample from the ferromagnetic region to the AF 
region, compared with that obtained when the sample wascooled from the paramagnetic 
region to the AF region. 

The qualitative behaviour of the magnetic susceptibility of dysprosium in the AF 
region has been discussed by del Moral and Lee (1974) in terms of the magnetic response 
of spins with an ss structure. They also suggested that quantitative disagreements 
between theory and experiment might be explained by an additional contribution due 
to the presence of 'ferromagnetic' domain boundaries separating AF domains. The 
contributions to the susceptibility can be expressed as (McKenna et a1 1983) 

x ' (T)  = X o V )  + X w ( n  (1) 
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where f ( T )  is the measured in-phase component of the AC magnetic susceptibility, 
xo(T) is the response of spins within the spiral structure, i.e. within the ss domains (del 
Moral and Lee 1974, Kitano and Nagayima 1964), and &(T) isthe contribution due to 
the domain walls which separate regions having an opposite sense of spin spiral or 
chirality. The experimentally observed hysteresis in x’(T) for polycrystalline impure 
dysprosium in the AF region (McKenna et all983) was attributed to hysteresis in the 
componentXw( T) of equation (1) with the warming value being greater than the cooling 
value, i.e. x w ( T ) ,  > xw(T) ,  . Hysteresis in this domain wall contribution to x’(T)  
should therefore be due to some irreversible change in the domain wall structure as the 
temperature is varied. It was clear that the degree of hysteresis was fundamentally 
dependent on whether or not warming runs embraced a transition of T,, but the 
broadness of the transition prevented a detailed study. 

Terbium has a similar helical spin structure to that of dysprosium but over a more 
restricted AF region (about 221-229 K for terbium compared with about 9C-180 K for 
dysprosium). Neutron topographicstudies of terbium revealed domain structures in the 
AF region which differ for warming and cooling (Baruchel era1 1981, Palmer er a1 1986). 
In addition, previous studies of the AC magnetic susceptibility of single-crystal terbium 
and its transient enhancement (TE) have also yielded resultsconsistent with the existence 
ofsuchdomains(McKennaetal1981a).Thesame high-purityterbiumsinglecrystalused 
in the present investigation allows delineation of the transition from the ferromagnetic 
region to the AF region to within 0.5 K. By comparison, the rounding at Tc in the less 
pure polycrystalline dysprosium sample (McKenna el a1 1983) was about 20 K or less. In 
this paper the behaviour of the high-resolution thermal modulation results for terbium, 
as well as the earlier results for dysprosium, is discussed in terms of a simple theory of 
ssdomains andcompared with the neutron topographicstudies of Baruchel etal(1981). 
Baruchel et al(1986) and Palmer er a/ (1986). 

2. Theory: domain wails in the helical antiferromagnetic region 

It should be noted that the following theory pertains solely to the AF region and does not 
include temperature-related memory effects which may occur as a result of crossing 
phase transitions. As the nature of xw(T) (equation (1)) in the AF region will be 
influenced by the number nw of spins in a domain wall, it was decided to extend the 
earlier theoretical work of Thomas and Wolf (1965) in order to estimate nw and in 
particular to examine the temperature dependence of nw. For brevity we henceforth 
refer to domain walls in the helical AF region as AF domain walls in order to distinguish 
them from domain walls in the ferromagnetic phase. 

Thomas and Wolf (1965) calculated Ew, the energy of AF domain walls, using the 
general form of the three-plane interaction model in which the exchange energy E,,” 
per atom in the spiral structure is expressed as 

where U is the reduced magnetization, 8, is the spiral turn angle and Bo, B, and Bz are 
exchange constants (Elliott 1961). Using this model a stable structure exists for the 
conditions 

B, < O  (34 
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The energy Ew of an AF domain wall can be written as 

Ew = E w  - nwE,,/N (4) 
where Ews is the energy of the nw spins in a wall and nwEed.N is the energy which these 
spins would have in a spiral structure. Using equations (2) and (36) and dropping the Bo 
term which is common to both E,,/Nand E,,, we obtain 

(E,,/N)/~IB,Iu’ = -[2C0Sz(60) + 11. (5) 

BO  (des) 
Figure 1. (a)The minimumvalue of thedomain wall enerzy Ew/21B,laz, plottedasn function 
of turn angle Bo. The present calculations (0) are compared with the values derived from 
the earlierresultofThomas and Wolf(1965) (A).  (b)  A plot o f a ,  for the minimum energy 
of an AF domain wall as a function of Bo (nw is the number of spins in the wall). 



1858 T J McKenna et a1 

Weassume that thereisaconstant changein tumangleperspin through the wal1,varying 
from +Bo for the initial spin to -Bo for the nw spin. Again dropping the Bo term and 
using equations (2) and (3b), the energy E,, for spin i in a wall can be represented by 

E ~ ~ / ~ I B ~ I U Z  = -{2co~(e,) [cos(ei) + cos(si-,)] 

- i[cos(e, + e!+,) + mS(ei-, + (6) 

Ew/21Bz1d, the normalized energy of a wall containing nw spins, is determined by 
subtracting equation (5) from equation (6) for the spin assembly comprising the n, spins 
of the wall and the nearest-neighbour spins at each end of the wall. For any value of Bo, 
the most stable AF domain wall should contain a number nw of spins for which the value 
Ew/21B,ld is a minimum. Figure l (a)  shows these values of Ew/21 Bzlo2 plotted as a 
function of Bo for several values of 8, from 10" to 60". The good agreement with values 
taken from figure 5 of Thomas and Wolf (1965) suggests that the above procedure is 
equivalent to their numerical iteration method of calculation. Using the present pro- 
cedure it is also possible to produce an analytical solution for the condition Bo = 60°, 
giving Ew/21B21 oz = 1 and nw = 2, in agreement with the results of Thomas and Wolf 
(1964): 

Recently Fairbairn and Singh (1986) used a continuum approximation to calculate 
domain wall widths for a fixed Bo. allowing a continuous variation in turn angle through 
the wall. When using the three-plane interaction model for Bo = 37" they report an n, 
of five lattice spacings-a result similar to our value of nw = 4 for the same Bo (figure 
l (b)) .  We are therefore confident in extending the simple model used by Thomas and 
Wolf (1965) to examine the temperature dependence of nw. 

Figure l(b) is a plot of nw for minimum Ew as a function of turn angle Bo. The results 
of this analysis indicate that the number of spins in the most stable wall decrease with 
increasing Bo. Thus, for terbium and dysprosium where Bo generally increases with 
increasing temperature (Koehler 1972), the calculations presented here suggest that nw 
should decrease with increasing temperature. 

The temperature dependence of the domain wall energy Ew can be calculated for a 
particular materal with knowledge of the magnetization and temperature dependence 
of B2, For dysprosium, Elliott (1961) determined B,  (in kelvins) as 

I& = (57 - 1102). (7) 
Using the experimentally determined values for dysprosium (Koehler 1965) (the rel- 
evant data are reproduced in figure 2(a)), it is possible to calculate n,  for the minimum 
valueofE,asafunctionoftemperature (figure2(b)). Ewcanalso bedetermined(figure 
2(c)) from the theoretical dependence of the relative magnetization o(T) (Morrish 
1965). (The equivalent representation of B ,  from equation (7) for terbium was not 
available.) 

If it is assumed that the contribution of AF domain walls to the susceptibility xw(T)  
is dependent on nw(T) ,  then hysteresis in xw(T)  could be accounted for by hysteresis 
such that nw(T) on warming is greater than nw(T) on cooling, i.e. nw(T) ,  1 nw(T) $.  
This model explains the hysteresis observed in x'( T) for dysprosium when the sample is 
cooled from the paramagnetic region and cycled within the AF region. However, the 
behaviour of the thermal modulation response S for dysprosium when warming from 
below T, (figure l(c) of McKenna ef a1 (1983)) is not explained completely by this 
hysteresis model. Rather, it was found that the temperature modulation signal S, on 
warming showed an opposite sign to that of (dX'/dT) + (the analytical derivative of the 
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Figure 2. (a) The temperature dependence of the turn angle Bo for dysprosium in the AF 
region(Koeh1er 1965). ( b )  Aplot~fn~versustemperafureforthe minimumvalueofEwat 
various temperatures for dysprosium. (c) The value of the minimum AF domain wall energy 
E,  at selected temperatures plotted against temperature for dysprosium. (The temperature 
scale is also shown as reduced temperature TITN, where T, is the Nee1 temperature). 

,y’(T) data obtained on warming) even above the temperature (about 120 K) at which 
ferromagnetic and ferromagnetic-like domains disappear (McKenna et a1 1980). With 
the benefit of the far sharper transition observed in the present study of the high-purity 
single-crystal terbium (section 4), the above behaviour of St for dysprosium together 
with the corresponding behaviour for terbium is explained in section 5. 

3. Experiment 

Details on the AC magnetic susceptibility and temperature modulation techniques have 
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Figure 3. comparison of the magnetic susceptibilit) y ( 7 )  and tcmperaure modularion 
S = A x ' ( 7 )  47~resultslorringle-cr)stalterbium (0)-(6) rlierrsultsobtaincdonfirstcooling 
the sample to T = 220 K (just belou the fenomagnetic ordenng temperature Tc) and then 
uarming; (e) - (h)  the equivalent resLIts obtained on first cooling the sample to 7=  222 K 
(just 3bo\'e 7,) ( a )  and (e) shou f as 3 function of 1emperatLre for an applied field of 3 A 
m ' , n u s a n d f =  1 kH~.TheSdstawercoblaincdwithA7= 20mKandJ, =O.ZHz Cooling 
and warmingraterwere about0 I K mm- or less. ( b )  and If)shou the ansl)i!calderi%ative 
dX' dT(*)andthetemperarure modulstionsignalS(-) forthecooling( . )experiment 
of ( a )  and (e) respeclnelv (c) and ( 8 )  3re the equivalent uarming ( r J curter (6) 3nd (hj 
she* the cooling and uarming phase '6 (01.7) versus temperature. The phase expected of 
ol'/dT (-) is shown for comparison In a) the points represent cooling dsla and me 



~~s~rcept ib i l i ly  of single-crystal Tb 1861 

been presented elsewhere (Wantenaar er al 1976, 1979, McKenna et al 1983). The 
variable-temperature cryostat and data-logging system used in these measurements 
have also been described (McKenna er a1 1982) with information on the high-purity 
(99.98wt% (99.7at%)) terbium single crystal given by McKenna el al(1981a). The 
crystal was prepared using the metallothermic method (Beaudry and Gschneider 1978). 

In order to obtain detailed information on the magnetic behaviour in the narrow 
AF region (about 8 K), an operating frequency f = 1 kHz was chosen for improved 
sensitivity. This operating frequency led to, an electromagnetic skin depth attenuation 
in the Susceptibility of, for example, about 10% for measurements at about 201 Kin the 
ferromagnetic region, with smaller distortions in the AF temperature region. Further- 
more, as indicated previously (McKenna eta1 1981b), the temperature modulation signal 
also suffered attenuation due to a thermal skin effect even at a modulation frequency 
fm = 0.2 Hz, thelowest available withourlock-in amplifier (MA). Arelatedconsideration 
is that the rawS(T) signals contain a contribution from A T ( T ) ,  as well as Ax‘(T)/AT.  
Measurement of AT(T) can be used to determine the AC specific heat. Studies of the 
present sample indicated an anomaly of about 20% in AT( T) at TN and a smaller change 
at Tc (McKenna et a1 1981b). However, for the sample assembly used in the current 
susceptibility experiments for which primary and secondary coils are required, no 
anomalies in AT(T)  (to within a variation of about 3% or more) were observed. 
Consequently no corrections for AT(T) variation have been applied to the S ( T )  signals 
presented below. Because of these experimental limitations, only qualitative inter- 
pretation of the results is presented in section 5. 

4. Results 

Figure 3 shows a comparison between two sets of warming and cooling data for the 
magnetic susceptibility X’ and the simultaneously acquired temperature modulation 
SignalSforthesingle-crystal terbiumsamplearound theamegion. In the firstexperiment 
(figures 3(a)-3(d)), the sample was cooled to a temperature T = 220 K, just below T, 
(=U1 K), before being warmed back through the AF region. In the second experiment 
(figures 3(e)-3(h)) the sample was cooled to T =  222 K (just above Tc) before again 
being warmed through the AF region. 

For both experiments, S and dX’/dT are in general agreement for warming and 
coolingin theparamagneticregion(figures3(b), 3(~),3(f)and3(g)).Thereisqualitative 
agreement between S( T) and the temperature derivative ofX’( T )  around TN. In particu- 
lar,Sreflects theexpected18O0phasechangeindX‘/dTassociatedwith the peak inX’(T) 
at TN (figures 3(d) and 3(h)) .  We attribute the lack of full agreement at this continuous 
transition to the incomplete correction for AT(T) as discussed above. For cooling 
through the AF region the temperature modulation signal is close to zero (Si = 0) with 
its phase attempting to track that expected from (dX‘/dT) I ,  the analytical derivative of 

boxes the warmingdata. Note that the maximumand minimumvaluesfor the off-scale peaks 
of (6 )  and (e) ,  respectively, are 

Slm,” = -13.8 
S,,, = +9.7 

(dx’/dT)Imm = -139.5 

(dX’/dT),,;. = -88.7. 

Note also that the apparent differences between x’ for warming and cooling around TN are 
artefacts of rate dependence of temperature. The more careful measurements focusing on 
T~giveninfigurel(c)ofMcKennaefu1(1981a)shownohysteresisin~’at TN. 
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x(T) 4. There is qualitative agreement between S i  and (dX'/dT) 1 at Tc (figure 3(6)) 

On warmingfrom below the ferromagnetic ordering temperature Tc, S, is markedly 
different from (dX'/dT), ; a peak of opposite polarity is observed at Tc and an S signal 
of polarity opposite to that of (dX'/dT) continues well into the AF region (figure 3(c ) ) .  
1ncontrast.fortheexperiment inwhichthesample waswarmedfromastart temperature 
above Tc no such behaviour was observed and S t  was indistinguishable from S 1 (figure 

The behaviour of St ,  when the sample was warmed from a start temperature just 
below Tc, wasessentially thesame asthat obtainedon warmingfrom asignificantly lower 
start temperature (about 210 K) (see figure 4(c) of McKenna etnl(l982)). Preliminary 
measurements on a polycrystalline sample of terbium (McKenna et al 1979) showed a 
similar but broadened behaviour. As already reported, temperature hysteresis of about 

, only in that the sign of the two anomalies agree. 

3(d). 

I I I 
I 

(Cl 

' t  .. 
.. 

. I'i 
I I I i 

215 225 235 

Tenperarurc T(K) 

Figure4 Acomparisonofthe temperature modulationresultsS, = [Ax'(T)/AT), (-) 
obtained on warming for various values of the temperature modulation amplitude ATand 
the corresponding analytical derivatives dx'(T)/dT ( 0 ,  - -): (a) AT= 65 m K  (b)  AT=. 
130 mK: ( E )  AT -250 mK. Note that the minimum values for (dx'/dT), for the off-scale 
peaksare -17.3, -14.6and -14.0for(u),(b)and(c),respectively. 
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0.25 K has been observed in the first-order transition at Tc (McKenna et a1 1981a). This 
hysteresis has been confirmed by the specific heat measurements of Jayasuriya et a1 
(1983,1984) on the same single-crystal sample. 

Experiments were therefore carried out for a range of temperature modulation 
amplitudes up to peak values of AT = 250 mK in order to examine the effects of this 
thermal hysteresis. Apart from the inevitable shifting and broadening effects on the S 
anomalies due to the increased temperature modulation amplitude, there was relatively 
little change in the behaviour of S 1 (McKenna 1980). However, figure 4 shows that, on 
warming, as AT is increased, there is a dramatic change in the response S y  to the 
modulation cycle at Tc, resulting in the same polarity as (dx'/dT)? for AT? 130 mK. 
In addition, S, in the AF region reduces to approximately zero for increased modulation 
amplitudes, compared with the essentially invariant behaviour for S around TN with 
increased modulation amplitude (figure 4). 

5. Discussion 

The essential agreement between S, and S in the AF region for warming from start 
temperatures above Tc (figures 303 and 3(g)\ indicates that there is little change in the 
magnetic structure when the sample is cycled within the AF region. The smaller value of 
Scompared with dX'/dTsimply reflects the hysteresis in x' (i.e. x', > x'i )observed in 
figure 3(e). This hysteresis is also shown by the results obtained for f ( T )  in the absence 
of temperature modulation (figure 5(a)). This hysteretic behaviour is represented sche- 
matically in figure 5(b); for a cooling experiment the modulation cycle would follow 
cycle AB in figure 5(b) while for a warming experiment started from a temperature 
above Tc it would follow the path CD. This behaviour in x' and S is similar to that for 
polycrystalline dysprosium (McKenna et a1 1983). It is consistent with the model based 
onequation (1) whereby hysteresis inX'(7). when thesampletemperaturehasnotcrossed 
Tc, is due to hysteresis in the number of spins in thin AF domain walls. 

Difficulty in separating effects linked with the microscopic magnetic structure 
changes at Tcand the associated domain changes makes definitive interpretation of the 
behaviour of S, and Si at Tc uncertain. The mere existence of anomalies in S at Tc on 
both warming and cooling, for modulation amplitudes smaller than the temperature 
hysteresis in Tc, is itself significant (e.g. figures 3(b) and 3(c)). Firstly, this indicates that 
the discontinuous first-order change in the microscopic magnetism, while dominant by 
volume (figure 3(a)), is not simultaneous over the entire crystal volume and, hence, is 
not in isolation of changes in technical magnetization processes. This follows from 
consideration of the response of an ideal first-order transition to such a low-amplitude 
thermal wave. Despite many cycles of the thermal modulation wave, only one transition 
through TC would take place owing to the hysteresis in  T, and, as for AC specific heat 
measurements (McKenna et a1 1981b), the integration provided by the LIA would yield 
no measurable anomaly. The existence of the S t  signal at Tc for small temperature 
modulation amplitudes (figure 3(c) and figure 4) and the fad that S t  is of opposite sign 
to (dX'/dT), at Tc are clear evidence that the signal is not dominated directly by the 
microscopic magnetization changes. This result further demonstrates that, even though 
the anomaly observed in S, at Tc on cooling (figure 3(b)) exhibits the behaviour and 
sign expected of (dX'/dT) , , this S J  anomaly must represent magnetization processes 
other than just the microscopic ones. Indeed, S, at Tc is much smaller in magnitude 
than (dX'/dT) 4 (see caption for figure 3(b)) (McKenna 1980). Rather, because of the 
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Figure 5. ( a )  The temperature dependence of the magnetic susceptibility x' of terbium on 
cooling through the # region (Hus = 3 A m-'; f = 1 kHz). Also shown are the results of 
separate experimentsin which the sample ismoled to and rewarmed from the temperatures 
221.3 and 222.8 K indicated by the vertical arrows. (b )  A schematic representation of ( a ) ,  
depicting moling and warming sequences (without crossing T,) and modulation cycles AB 
and CD. 

ability of the hysteresis in Tc to effectively dilute the idealized first order microscopic 
contribution to S at Tc, these S anomalies focus more on rearrangements in the comp- 
lementary technical magnetization processes and in the magnetism of small regions that 
are not undertaking thefirst-order transition. n l e  results for S, , presented in figure 4, 
verify these biases for small modulation amplitudes. As expected, for modulation 
amplitudes for which 2 AT becomes greater than the hysteresis h at Tc (h  = 0.25 K 
(McKenna et a1 1981(b)), the S t  anomaly reverts to the same polarity as (d,y'/dT) In 
this case the magnetic state of the sample is changed back and forward between the 
ferromagneticand helical mphases duringeach modulationcycle withS, now reflecting 
the resultant large changes in microscopic susceptibility over these AT amplitudes and 
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the hysteretic contributions from the technical magnetization processes being relatively 
less important. 

Another striking feature of the temperature modulation results, on warming through 
T,into the *region, isthepersistence throughout thisregion (221-229 K)ofanopposite 
(positive) polarity S, signal, compared with (dX’/dT), (figure 3(c)). This feature was 
also observed in the results for polycrystalline Dy (figure l(c) (McKenna et ai 1983)). 
For single-crystal Tb this effect persists above the temperature (T = 225 K) at which 
ferromagnetic or intermediate domains and associated domain walls are no longer 
considered to contribute toX‘(T) (as indicated by the absence of transient enhancement 

Figure 6. ( a )  A schematic representation of the 
behaviour of susceptibility in a temperature 
modulation cycle AB on warming from the ferro- 
magnetic region to the AF repion. Such an effect 
is expected when the observed polarity of 
SI = (AX’IAT), is opposite to that of the ana- 
lytical derivative (dX’/dT) l ,  (b) An illustration 
of the hysteresis expected inx,(T) + xw(T) for 
warming to a temperture TE in the AF region fol- 
lowed by recooling. Points A and B indicate the 
limits of a temperature modulation cycle. (c) A 
plot of the temperature dependence of the con- 
tribution to susceptibility of xr(r)[or of xWF(T)] 
asdiscussedinthe text. (d)Thepredicted behav- 
iour of x’(Q using equation (8) where the con- 
tributing terms of the equation exhibit the 
temperature dependences shown in (b) and (c ) .  
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in f ( T )  above this temperature (McKenna ef a1 1981a)). This effect suggests behaviour 
in X' which we label 'anti-hysteresis' with modulation loops of the form shown in figure 
6(n). However, as the effect occurs only on warming from the ferromagnetic region it is 
clear that the AF region carries some memory of its previous ferromagnetic state. 

Two types of such memory have been observed in neutron topographic studies of 
terbium. Firstly, Baruchel et al(l981) and Palmer ef al(1986) observed differences in 
the structure of AFdomains depending on whether cooling from the paramagnetic region 
or warming from the ferromagnetic region. The significant difference in the domain 
structureforthetwomethodsofapproachtotheAFregionwasthataregulararrangement 
of domains was formed on warming from the ferromagnetic region, with a tendency for 
aligned stripe domains of long axis normal to the c axis, whereas randomly shaped 
domain structures were obtained on cooling from the paramagnetic region. Secondly, 
Baruchel et a[ (1986) observed that, on warming from below Tc, regions of enhanced 
scattering were observed which they explained as ferromagnetic islands embedded in 
the helimagnetic matrix. nucleated around magnetic impurities. A mass spectrometry 
analysis of our Tb single crystal (Ames Laboratory, private communication 1979) 
revealed 110 (at.) ppm Fe which would become spatially aligned in the ferromagnetic 
phase of Th, tending along the easy b axis, the direction probed with the AC field. This 
extracontribution to the ACX' fromTbislandsof fan-like orferromagnetic-like character 
should be relatively reproducible for a given sample. Note that, although the magnetic 
inclusions are required to be spatially aligned on warming through Tc, their ability to 
drive adjacent regionsofTbintoafan-likeorferromagnetic-likestate shouldbeofequal 
capability on cooling the crystal into the AF region. A second consideration is that some 
coexistence of ferromagnetic and AF regions in the sample near Tc, due to temperature 
gradients or residual impurities, is to be expected in real samples, even those of highest 
purity. It is difficult to distinguish between residual impurity and temperature gradient 
rounding of Tc in a high-purity crystal such as that under study. Certainly, both figure 
3(a) and our more detailed measurements of for the same single crystal (McKenna ef 
a! 1981a) indicate persistent rounding inx', immediately above the first-order transition 
region. Such behaviour is consistent with a spread in T, values and could reflect an 
enhanced contribution from quite small regions of the single crystal. We suggest that, 
on warming, recalcitrant regions Of the sample which remain ferromagnetic above the 
average transition temperature Tc could serve as thicker AF domain walls of ferro- 
magnetic character, locked between domains of opposite chirality. Unlike the con- 
tribution from magnetic inclusions, this effect may be less reproducible but would still 
be capable of giving an additional contribution to x', compared with x'l . Both the 
thicker ferromagnetic walls and the ferromagnetic islands, in essence, represent depar- 
tures of the real sample from the ideal. We predict that, as sample quality improves 
further, X', on warming through Tc will approach ~ ' 1 .  

The contributions to ~'(7) on warming from the ferromagnetic region can therefore 
he expressed by extending equation (1) such that 

= % D ( T )  +XW(T) + X F c T ) .  (8) 
Xw(T) is the AF domain wall contribution which is different from that for cooling, and 
X F ( T )  isthecontribution due toferromagneticislandssuchas thoseobserved by Baruchel 
eta1 (1986). 

The greater value ofX'(T) on warming from start temperatures below T, compared 
with f ( T )  for cooling therefore requires either ,yw(T), > ,yw(T) (del Moral and Lee 
1974, McKenna et al1980) or xF( T )  , > xF( 7') 1, or a combination of both. The last two 
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terms of equation (8) are magnetization processes that contribute heavily to providing 
the positive St anomaly observed at Tc for small modulation amplitudes, although on 
a volume basis they represent a far smaller fraction of the crystal compared with that 
volume which undergoes the discontinuous collapse from parallel moments to spiral 
spin in the basal plane. 

One interpretation ofthe anti-hysteretic-type behaviour observed for,y' in a warming 
experiment which takes the sample from the ferromagnetic region to the AF region (e.g. 
figure 6(u)) is that the terms ,yo( T )  and ,yw( r) in equation (8) behave in a similar manner 
as for cooling, so that the contribution to susceptibility from these two terms exhibits 
only simple hysteresis (figure 6(b)), while ,yF(T) is a slowly varying function of tem- 
perature with the opposite sense to that of the first two terms (figure 6(c)). When a 
sample is warmed from below Tc to some temperature Ts in the AF region (figure 6(4) 
and then recooled from Ts, ,yo(T) and ,yw(T) are virtually constant so that ,y' decreases 
owing to the effect of,yF(T) (figure 6(d) ) .  Since ,yF(T) represents the contribution tax' 
from ferromagnetic islands, it would be expected to have the temperature dependence 
of ,y' in the ferromagnetic region, such that 

XdT) cc " ( T )  (9) 
where U( T )  is the reduced magnetization. K( T) would be expected to have atemperature 
dependence which is similar to that of the basal plane anisotropy term Kg(T). ,yF(T) 
would therefore increase with increasing temperature because of the decreasing local 
anisotropy K ( T ) ,  thus providing the temperature dependence required to contribute 
to this apparent anti-hysteretic behaviour. This model explains the modulation cycle 
observed for the warming experiment shown in figure 3(c). The various contributions 
to this experimental result are indicated schematically by figure 6 in which the hysteretic 
behaviour expected of the separate components to,y'(T) in equation (8) are shown. The 
magnetic response as measured by S, = [A,y'(T)/AT] during a temperature cycle of 
modulation amplitude ATand oscillating between the points A and B, say, occurs as a 
result of the combined effects of susceptibility components which exhibit differing 
thermal hysteretic behaviour. 

The suggestion that the modulation cycle may reflect a variation in the magnetic 
susceptibility ,y' of the form shown in figure 6(4 is further supported by consideration 
of the larger-modulation-amplitude results for Sr in the AF region. The reduction in the 
amplitude of S ,  in the AF region with increasing AT (figure 4) can be explained in 
terms of the modulation cycle changing from path AB of figure 7 for low modulation 
amplitudes, to path AE for higher modulation amplitudes, where d,y'/dT is approxi- 
mately zero. 

The second interpretation of the anti-hysteretic behaviour assumes that ,yF(T) is 
insignificant and that xw( T )  can be expressed as 

X w ( n  1 = xws(T) + XWF(T). (10) 
,yws(T) is due to walls of the type predicted from the energy calculations in section 2, 
and ,yWF(T) is an additional contribution due to thicker domain walls formed when the 
sample is warmed from the ferromagnetic region. If these walls were sufficiently thick 
for the majority of the spins in the walls to sense a ferromagnetic exchange coupling, 
then one might expect a local anisotropy field K(T)  to exist within these walls. Any 
response of these spins to an applied field would then be opposed by this local anisotropy, 
so that the susceptibility xWF(T) for such walls is somewhat similar to that of a single- 
domain ferromagnetic region. If we assume that ,yws(T) exhibit hysteresis and that 
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I 
T 

Figure?. A schematic representation of the behaviourof;y'(n on warming frombelow Tc, 
also indicating the change in behaviour obtained in temperature modulation experiments 
with modulation cycles of increasing amplitudes depicted. respectively, by AB, AC, AD 
and A€. 

xWF(T) has the temperature dependence in equation (9) and figure 6(c), then this, too, 
would cause ~ ' ( 7 ' )  to have the dependence in figure 6(4.  

In comparing these two explanations, the following points should be noted. Firstly, 
the absence of TE (the enhancement of ~ ' ( 7 ' )  by a transient bias field (Wantenaar et 
a1 1976)) for Tb above T = 225 K (McKenna et a1 1981a) indicates the absence of 
ferromagnetic domain walls (i.e. walls separating regions of residual ferromagnetism) 
above this temperature. Therefore any ferromagnetic islands above T = 225 K should 
be single-domain regions. This absence of enhancement of X' is also consistent with the 
suggestion of thick AF domain walls of ferromagnetic character, in that such domain 
walls are equivalent to small single-domain ferromagnetic regions. 

The second point to note is that comparison of figure 1 of Baruchel et a1 (1986) and 
figure 2(a)  of Palmer er a1 (1986) (apparently topographsof the same sample at the same 
temperature and at the same orientation) indicates that the observed ferromagnetic 
islands have the same orientation as the AF domain walls. It is also possible that these 
islands may be located at an AF domain wall, thus creating a locally thick domain wall, 
i.e. a combination of the two explanations given above. Finally, it should be noted that 
this discussion of the anomalous behaviour of the temperature modulation response S 
in the AF region appears also to be applicable to our earlier results for dysprosium (figure 
I(c) of McKenna eta1 (1983)). No neutron topographs are, however, available for that 
material. 

6. Conclusions 

Our extension of the model of Thomas and Wolf (1965) for ss domain walls in the 
AF region of rare-earth metals predicts that the wall thickness should decrease with 
increasing temperature. This has led to improved understanding of the magnetic hys- 
teretic and fine structural effects observed in the AF region of dysprosium and terbium 
following detailed measurements of their responses to an alternating magnetic field and 
a thermal wave. 

On first cooling the samples from the high-temperature paramagnetic state to the 
AF region, the magnetic susceptibility and thermal modulation results obtained on 
subsequent warming of samples indicate a relatively small hysteresis in ~ ' ( 7 ' )  consistent 
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with a decrease in the thickness of thin AFdomain walls with increasing temperature. On 
warming the high-puritysingle-c~stal; Tbfrom the ferromagnetic to the helimagneticm 
region, an extra positive contribution to the temperature modulation signal is observed 
throughout most of the AF region (figure 3(c)) .  This 'anti-hysteretic' behaviour in x'( T) 
in the AF region is due to aligned ferromagnetic islands (centred around magnetic 
impurities) (Baruchel et a1 1986) and/or to thicker domain walls of ferromagnetic 
character retained as a result of the imperfect first-order phase transition of the sample 
as a whole. 

It is pointed out that, for small AT amplitudes, the temperature modulation signals 
Sat the hysteretic first-order phase transition Tc provide a sensitive measure of changes 
in technical magnetization processes and remanent magnetization processes of those 
regions of the sample not undergoing the first-order phase transition. This feature 
complements ~ ' ( 7 )  measurements which are dominated by microscopic changes in the 
magnetic order-order transition occurring over the greater bulk of the sample. As a 
consequence, the temperature modulation technique provides considerable insight into 
the finer features of the transition and in particular the ultimate quality of the sample. 
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