TRANSFORMATION OF MAGNETIC STATE UNDER THE INFLUENCE
OF SUPERCONDUCTIVITY IN EPITAXIAL V/Pd,«Fe, BILAYERS

lA. Garifullin®, N.N. Garif'yanov, D.A. Tikhono¥,
K. Theis-BroH, K. Westerhoft and H. Zabél

! Zavoisky Physical-Technical Institute, Russian Academy of Sciences,
420029 Kazan, Russia
?Institut fir Experimentalphysik/Festkérperphysik, Ruhr-UniversitatBo,
D-44780 Bochum, Germany

M3MEHEHUE MAI'HUTHOI'O COCTOsIHUS
B DIIUTAKCHUAJIBHBIX IBYXCJIOUHbBIX CUCTEMAX V/Pd1..Fe,
O/l BO3JAEHCTBUEM CBEPXIIPOBOJIUMOCTHU

HA. Tapuynnun*, H.H. Tapucpeanos *, JI.A. Tuxonos*, M.3. @ammaxos*,
K. Yeiic-Bpémw %, K. Becmepxonom %, X. IJabens 2

! ®uzuko-texuuueckuii WHCTUTYT WM. 3aBoiickoro, Kazanb
2
VYuusepcuret Pypa, Boxym, Bochum,'epmanust

. agnetic
Resonance

in Solids Volumes6, No. 1,
Electrenic Journal pageS51-58, 2004

http://mrsej.kKsu.ru




Transformation of magnetic state under the influemof superconductivity in epitaxial V/Rg-e, bilayers

TRANSFORMATION OF MAGNETIC STATE UNDER THE INFLUENCE OF SUPERCONDUCTIVITY IN
EPITAXIAL V/Pd.«Fe, BILAYERS

I.A. Garifullin®, N.N. Garifyanov, D.A. TikhonoV,
K. Theis-Bréhf, K. Westerhoft, and H. Zabél
! Zavoisky Physical-Technical Institute, Russian Aray of Sciences,
420029 Kazan, Russia
?|nstitut fiir Experimentalphysik/FestkérperphysikhRUniversitat Bochum,
D-44780 Bochum, Germany

We have performed ferromagnetic resonance (FMRJjieswfepitaxial V/Pd.Fe, (001) bilayers with a V thickness
of the order of 40 nm and with a Bffe, thickness in the range from 0.8 nm to 4.4 nm.&biayer with a PdFe
thickness of 1.2 nm and= 0.03 the FMR measurements revealed a decredbe effective magnetization®; of
the ferromagnetic layer below the superconductiagsition temperature of vanadium. As a possibj#amation for
this decrease we suggest a spatial modulationedfetiltomagnetic order in the Bfe layer due to modifications of
the indirect exchange interaction of magnetic iais conduction electrons in the superconductingesta
comparison with a recent theoretical investigatapports this possibility.
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1. Introduction

The destructive influence of ferromagnetism on sopeductivity in dilute magnetic alloys and
superconductor/ferromagnet (S/F) multilayers islvkelown (see, e.g., reviews [1] and [2-3], respesti). This
occurs because the strong internal exchange fielthe ferromagnetic state tends to align the cotdiielectron
spins whose spin susceptibiligy(0) is zero in the superconducting state. Apannfthe influence of ferromagnetism
on superconductivity one can expect the realizatidnthe S/F proximity in the opposite directionge.j. a
transformation of the ferromagnetic state underitifieence of superconductivity. In order to undarsl the origin
of this effect one has to go back to the roots fe.the early results on the electron spin resoaaimc a
superconductor doped with magnetic impurities [4Fje authors of Refs. [4-6] found the long-rangatdbution
to the Ruderman-Kittel-Kasuya-Yosida (RKKY) intetiao between localized moments which arises upansition
to the superconducting state. This contribution drasintiferromagnetic origin and is caused by thesconducting
correlations in the Cooper condensate. Much earfederson and Suhl [7] proposed that the additional
homogeneous polarization over a large distance feomagnetic impurity should appear in a supercotwtuc
Theoretically the dependence of this polarizationtlee distance in a superconductor in a “clean’itlias been
obtained in Refs. [6,8]. For a “dirty” limit Kochedv et al. [9] showed that the homogeneous polarization of
conduction electrons as well as the exchange ictierabetween the localized moments on the distaxfidbe order
of the superconducting coherence lengf§) @rises in a superconductor. It has the opposge eelative to the
homogeneous part of the polarization of conducedectrons induced by the exchange interaction betwibe
localized moments and conduction electrons in amabrstate. The polarization of conduction electrémsa
superconductor with paramagnetic impurities integtaover the volume should vanish at T=0 K simjylad the
situation for a superconductor without magnetic umifles. In spite of smallness of the “superconthg:t
polarization and the corresponding contributiorthe RKKY interaction it should lead to the notickakffects. In
particular, this leads (see, e.g. [1]) to the tatlal (or cryptoferromagnetic) magnetic orderingsome intermetallic
compounds. As to a system consisting of a bulk sigreluctor with a thin ferromagnetic metallic filom its surface
the possibility of the formation of a domain-likeagnetic structure was considered theoretically lbydn and
Bulaevskii [10]. They calculated the energy of taystems DS/S and F/S and concluded that the dostai@ (DS)
will be the ground state for the magnetic layeckhiesses smaller than a certain critical thickn€hs. tendency for
a reconstruction of the ferromagnetic order wasoled experimentally in epitaxial Fe/Nb bilayeroogransition
to the superconducting state [11]. This experimergault inspired further theoretical studies. Bagjet al. [12]
studied theoretically the possibility of a non-haypoeous magnetic order (cryptoferromagnetic stdte) to
superconductivity in heterostructures consistingaobulk superconductor and a ferromagnetic thiredayrhey
derived a phase diagram which distinguishes th@tofgrromagnetic and ferromagnetic states and dgsml the
possibility of an experimental observation of thigptoferromagnetic state in different materials.plarticular, they
concluded that because of the large magnetic edffrconstant and strong internal exchange fielouire iron the
cryptoferromagnetic state is hardly possible infleéNb structure. Thus, it may be concluded thattémdency for a
reconstruction of the ferromagnetic order in tranitayer observed experimentally in the Fe/Nb filik], might be
caused by discontinuous Fe layers in the thickmasge where this effect was observed. Estimate®meed by
Bergeretet al. [12] show that the transition from the ferromameo the cryptoferromagnetic state should be
observable, if the exchange field and the magrsiifness constant would be an order of magnitudelker than in
pure Fe.

As a possible system for the experimental obsemadif the cryptoferromagnetic state in S/F multlesy the
V/Pd,JFe system can be chosen because of its low €a0.1) and tunable Curie temperature. Ferromagnesicnance
(FMR) measurements of bulk single crystals of JFé, [13] suggest that these alloys are convenienegystfor FMR
studies because of their narrow resonance linesadttition, it is well known (see, e.g., Ref. 14ptthat any Fe
concentration PdFe alloys order ferromagnetically.

In this article we present our results on FMR measents for V/Pd,Fe, single crystalline epitaxial bilayers. We
show an example where the saturation magnetiza@ermined from the FMR spectra decreases with riogeahe
temperature below the superconducting transitionperaturel .

The paper is organized as follows: in Section Zpwwride a brief outline of the sample preparatiod ¢heir X-
ray characterization. Then we describe the superetiimg properties of the V/Rg-g, bilayers as well as the electrical
resistivity and the magnetization data. The FMR sueaments are presented in Section 3, followed tig@ussion of
all the data in Section 4. The main results aremsarized in Section 5.

2. Sample Preparation and Characterization
2.1. Sample Preparation
The Pd,Fe/V and V/Pd.Fg, bilayers were grown on MgO (001) substrates inodeular beam epitaxy system (base
pressure ~ ‘80! mbar). During the evaporation the background pmessvas below 18 mbar. The MgO (001)
substrates were annealed in the growth chambeb@@® °C for 0.5 h prior to the evaporation in order tcsald
impurities and to create a well ordered surfacenTihe substrates were cooled to the desired tetuper

For the Pg,Fe/V/MgO (001) samples (samples 1-4 in Table |) thbstrate temperature during the evaporation
of the first V layer was 550C. The evaporation rates of 0.01 nm/s were foundetmptimal for the growth of high
quality single crystalline V (001) films. R¢gre, (001) films were prepared using two sources. Fg ewaporated from
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an effusion cell providing a flux of high stabilitwhile Pd was evaporated by an electron beam ghe.substrate
temperature during the preparation of the_JPd, layer was 20C. The deposition rate of Pd was 0.027 nm/s and the
Fe deposition rate varied between 0.0027 nm/s &0@DO nm/s.

For the V/Pd,Fe/Pd/MgO (001) samples (samples 5 and 6) a buffef0Pd) layer of about 100 nm was grown on
MgO. The substrate temperature during the preparafithe Pd buffer layer was 43D for the sample 5, and 40D for the
sample 6. The substrate temperature during theoestag of the PgFeg (001) layer was 450C and 400C for the samples
5 and 6, respectively. The V layer was depositetjus substrate temperature of 30Gand the evaporation rate given above.
In both cases the bilayers (except the sample 8 eavered by a protective layer of Pd with a théds of a few nanometers.
The substrate temperature during the growth oftbeective layer was 20C.

Table I.Experimental parameters of the studied samples

oy ?ﬁ,: Tewe| GPoFe Te | 47Mu(30K) | KM
e urie €
SEMPE am)| - (m) | () | ooty ) | (@) | (Oe)
(X-ray)

1 37.2 4.4 250 4.4 4.7 4.0 3.9 15.8
2 40.0 6.2 100 1.2 50 4.2 2.6 65.0
3 39.3] 6.2 100 3.0 4.00 3.9 1.7 80.0
4 47 6.8 90 0.8 46 4.0 - -
5 41.0/ 103 120 0.9 4.0 3.7 - -
6 37.0/ 101 100 1.0 45 3.1 1.8 72.0

Given are the thickness of the V laykrand of the Pd and Pgre, layersdsqtdpgre Obtained from the fit of the
small angle reflectivity scans, the Curie tempemfit,i. and the thickness of the magnetic, fb, layer obtained
from the SQUID magnetization measurements, residesistivity ratio RRR the superconducting transition
temperatur@ ¢, 47M¢; andK,/M values obtained from FMR measurements.

The growth rates were measured by a quartz-crystaiitor. The final thickness of the B#fe layer was
determined by the evaporation time. The qualitythef substrate and of each layer was always coatrddly in-situ
RHEED characterization to ensure a high qualityagihoof our samples. Each sample was prepared separfaut with
identical growth conditions. The sample holder watated during the deposition to ensure a homogenditm
thickness.

Six samples with the experimental parameters suimethin Table | have been investigated by FMR.

2.2. X-ray Characterization
The intensity of specularly reflected X-rays at 8raagles provides information on the average etectensity profile
of the material studied in the direction along theface normal. X-ray reflectivity measurements evperformedex
situ using a 1.5 kW X-ray generator with a Mo anode 0.709 nm) and a Si (111) monochromator. Theec#flity
scans showed well resolved oscillations. Fits ekéhscans gave an interface roughness of lesg tAaindicating the
high interfacial quality of our samples. The fillmdknesses, as obtained from the fits to the Xdata are given in
Table I. The thicknesselq of the top Pd layer in the case of Pdiffas/V/IMgO samples and of the Pd buffer layer in
case of V/IPd,Fe/Pd/MgO samples are shown in Table | together dith.asdpstdpy.re

A typical radial Bragg scans covering the anglegeanf the V (002) and RgFe, (002) peaks for the sample 2
with dy = 40 nm anddry+ dpy.re= 6.2 Nm reveal the (001) texture of both, theyer and PdFe, layer.

2.3. Superconducting Transition Temperature

The superconducting transition temperaflygvasmeasured resistively using a standard four-ternaimafiguration with the
current and voltage leads attached to the samjitieshe silver paintTc was defined as the midpoint of the superconducting
transition. TheT¢ values are presented in Table I. For all samplesstiperconducting transition was very sharp with a
transition width of the order of 0.1 K.

2.4. Electrical Resistivity
The residual resistivity ratiRRR = K300K)/R(T¢) for the samples listed in Table | varies betweeand 5. The

corresponding residual resistivity values (from ta@.1uQ-cm) allow to estimate the electron mean-free pator V
using the Pippard relations [15]

o=€S< | >/12T°h y=K;S/12mh< . > 1)

where o denotes the electrical conductivity,the electronic specific heat coefficiens the Fermi velocity of the
conduction electrons, arld the mean-free path of conduction electrddss the Fermi surface area and the brackets
indicate a mean average over the Fermi surface b@mg relations (1), one obtains

As= (ks / &) = (1 IVe)). 2
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This relation permits an estimate keffrom the low temperature resistivifgand the coefficient of the electronic
specific heaty: For V usingy=9 mJ/mole K andvg= 310" cm/s [16], we findpls= 2.4610° pQcn?. This givesls
values between 4 and 5 nm.

2.5. Magnetization
Magnetization measurements using a SQUID magnewnwe¢re performed with the film surface parallel the
direction of the magnetic field. For the precisdedmination of the

ferromagnetic magnetization the correction of thiessrate contribution 15 0 sa 20
. . . sample 1
to the magnetic moment of the samples is very itgmbr The 125 ® samie2| —~
measurements of the temperature dependence of dgeetization of ¢ 15 €
the MgO substrates used in the present study shothad at % 100: E
temperatures below 4 K the magnetic susceptibiitghe substrates § R {10 @
starts to increase strongly. S
The measurements of the temperature dependencehenféL 5 =
magnetization have been performed at a small magfield H = 10 250
Oe for all samples. The temperature dependencies thaf ‘
magnetization in the ferromagnetic state after mdbion the 0 50 100 150 200 250 300

substrate contribution are shown in Fig. 1 for tseonples. They are TK
typical for bulk Pd,Fe, alloys (see, e.g., Ref. 17) The values obtain~-' )
for the ferromagnetic Curie temperat(ig,.c are presented in Table | F19- 1. Sa}f“rat'of” trl:agnetlz?tlonl pea ;”'t
These values ofc, . allows us to estimate the Fe concentration surtace for the samples .. and < vs

- _ temperature measured by SQUID
Pd,.Fe alloy layers of our samples using the data Tege = f(X) magnetometer in the magnetic field
from the review by Nieuwehuys [14]. Values>otletermined in such H = 10 Oe parallel to the film plane
a way lie between 0.03 and 0.1. Magnetization &lu@responding
to these concentrations, give the ferromagnetierldilicknessdpy.re from our SQUID magnetization data. These
values are also shown in Table I. The differenceeobed between the film thicknesses determined-bgy% and the
magnetization measurements are due to the factahatrays there is basically no electron densitytrast between
Pd and Pd,Fe,. Therefore with X-ray reflectivity measuremente gum of both layer thicknesses is determined.

3. FMR Resultsand Analysis
Ferromagnetic resonance (FMR) experiments weréecaout at 9.4 GHz in the temperature range frodrkKLto 250 K
using the ESR spectrometer B-ER A{Bruker AG). In the normal state of the sampls>(4.2 K) the FMR signals
were observed for four of our samples: 1, 2, 3 @&ntbr other two samples the resonance lines wetdaund. The
angular dependence of the spectra was studieckiintplane geometry, i.e. with both the dc magnfild and the
high frequency field lying in the film plane. Th@0l) surface of our thin films contains two priradimagnetic axes of
the bulk Pd,Fe, crystal ([100] and [110] axes). The observed aagul
dependence of the resonance exhibits a four-fdkbaopy typical for
cubic crystals in the (001)-plane. As an example t#ngular
dependence of the resonance fi¢ld of the FMR signal for the
samples 1 and 2 is shown in Fig. 2. 3

A qualitatively similar behavior dfl, was observed for the sample‘go
3 and 6 as well. One can see from Fig. 2 that 1i®][ axis is the
magnetically easy axis for our samples. In the mguelucting state we
were able to study the behavior of the FMR lineap@ters for the
samples 1 and 2 only. This is due to a drastiecas® of the intensity of
the electron paramagnetic resonance of non-caedrgliaramagnetic
impurities in the MgO substrate at temperaturesovbelt K. This
background prevented the observation of the FMRasiffom Pd,Fe, S
layers for the samples 3 and 6 in the supercomuystate. Examples of =
FMR lines of the sample 2 in the normal and supwtaoting state after L
subtraction of the background signal are showniin ¥ for the dc 290
magnetic field along the magnetically easy axis.

The FMR results are analyzed using a coordinatersys which
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the magnetizatioM of the Pd,Fe, layer makes an anglewith respect to
the film normal ¢ direction) and an angle with respect to th& axis in

the film plane Xy plane). The external magnetic figttlis applied at an Fig. 2.

angled, with respect to the film normal and at an anglewith respect
to thex axis. We define thg axis to be parallel to the [100] axis of th
Pd Fe layer. In our experiment; was equal ta/2.

In general, thin films of materials with a cubicusture grown
along the [001] crystallographic axis have a tedreg symmetry as a
result of the in-plane strain due to epitaxial masoh. This leads to
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$,, (deg)

In-plane angular dependencies of the
resonance field kifor the sample 1 (a)
and the sample 2 (b) at T = 30 K. The
solid lines are the calculated resonance
field values with parameters: WM =
15.8 Oe, #M¢ = 3.9 kG (for the sample
1) and K/M = 65 Oe, &M = 2.6 kG
(for the sample 2)
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the corresponding out-of plane Poisson distortidrherefore, the
contribution to the free energy due to the cryatasotropy should contain
the four-fold in-plane anisotropy constants, whitifier from the fourth-
order constant for the direction perpendicular e tfilm plane. In
addition, a non-zero second-order uniaxial anigptterm appears, due to
the vertical lattice distortion and the broken syetiy of the crystal field
acting on the interface atomic layer. The corregjiamn energy term has

the form F, =-K_ cos #. Since our experiments were performed in the

in-plane geometry only, we will use the crystalsatiiopy energy for cubic 1600 2000 2400 2800 3200

instead of tetragonal symmetry. Uniaxial perpendicanisotropy and the Magneticfield (Og)

contribution of the dipolar interaction (demagnietizfield 4zM) enter the

fr(tae denergy Of]; at' sys(,jtem In ?_n_ adg'tll(\j/e way, andefoee one can (normal state) and 1.6 K (superconducting

Introduce an etfective demagnetizing e state) with dc magnetic field along the

2K 110] axis of the P layer

47 = 4 == 3) [110] dFeclay

in order to account for the second-order perpendicular uniamiabtropy. Thus the total magnetic free energy density

function appropriate for a (001)-oriented film is writtarthe form:

dP/dH (arb.units)

Fig. 3. FMR spectra for the sample 2 at T=4.2K

F =-MH sing cos¢p— ¢, W 2tM 2, co§z9+%Kl (sih 2+ sh® s (4)

HereK, is the fourth-order cubic anisotropy constant.
The equilibrium position oM is given by the zeros of the first angle derivadiofF. In our experimental situation the
out-of plane equilibrium angle i§, = 77/ 2, and the in-plane equilibrium ang® is given by the solution of equation

K
Hsin(@, -, )= -—Lsi 5
sin@, -¢.) M sin(4p, ) 5)
Using the general ferromagnetic resonance condition [19]
wY_ 1 [9FoF _( 0%F ]2 ©
Vo) (Msing)*|09” 0¢® (0950¢ ) |’
we obtain:
2
{ﬂj =[H COSl, ~ B, Y+ ot cos(p, }
Vo M @)

><|:H cos@, =P, )+ M, + 2'7\; (3+ cos(4, }
Hereyo = gug/ 7 andg is the spectroscopig-value. The expression (7) together with the caowifor equilibrium (5)
determines the resonance field positidpnas a function of the angig;, of the effective magnetizatiofrM , and of
the anisotropy constaht,.
We analyzed numerically the influence of all partarein Egs. (5) and (7) on the angular dependsrafighe
resonance field and obtained the following featurd®e increase of thdzM.; value leads to a total shift of the
resonance field to lower values. The increas¢, il leads to an increase of the amplitude of variatibii ,(g,, ) .

To fit the angular dependencies of the resonarmte fil (¢, ), we

used Egs. (5) and (7). Typical results wgtkr 2.09 are shown in Fig. 2. ' ' ' O' Samplé 1]
They are in a good agreement with our experimefatd. These fits gave CEUGTe L @ sample 2
usK; and4zMqi values. 9.

In order to determine the temperature dependdnbé«(T), we § voos AN
used the temperature dependence of the resonatdenfeasured with = 9 “0\ ‘Q\
the dc magnetic field along the magnetically edsh0] axis of the Pd 2 ] "%
e layer. Using Egs. (5) and (7) g, = /4 from the temperature ¥ ; i
dependence dfly, we obtain the temperature dependencie&t.; for

the samples 1 and 2 in a wide temperature rangbkagn in Fig. 4.
Our study of the resonance field at fixg -value for the sample 2
clearly reveals a shift of the resonance field tghér values when Fig. 4. &My Vs

0 50 100 150 200 250
T(K)
temperature for the

decreasing the temperature below the superconductiansition samples 1 and 2 as revealed by
temperatureTc (see Fig. 3). The latter fact definitely showstthize EMR measurements. Dashed lines
observed temperature dependenceHgfat an orientation of the dc are the theoretical curves for S =
magnetic field along easy axis is caused by a dseref the effective 1/2 from the molecular field theory
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5 , , : : magnetizatiordzMgy. The low temperature part dzMe«(T) derived
from that ofHy is shown in Fig. 5. For comparison we also shos th
| SERERERRE ©--6--0-0-0-0-00--0-----1  data obtained for the sample 1, where such behawviaot observed.
G 3l hc | Here we use the low temperature value&kgM and assume that they
< . oo & do not change noticeably in the temperature rargge 10 K to 1.6 K.
® ol YL b '
f";' 2 . T 4. Discussion
1t . O samplel1 | The most interesting result of the present studyhés decrease of the
@ sample 2 effective magnetizatiodAzM below the superconducting transition for the
: : : : sample 2 (Fig. 5). At the same tifhéM;; for the sample 1 does not change
0 1 2 3 4 5 ot ) ) !
TK) in this temperature region. In accordance with esgion (3), a decrease of
Fig.5 Low temperature parts ofzMag 47M; can be caused by a decrease of the saturatioretizagionM or by

for the samples 1 and 2. The arrows an increase of thg pgrpendicular unia_xial anisgtamstant<,. One can

show the F values at the resonance €XPect that the uniaxial anisotropy, which appeatglly due to the broken

field Hy symmetry of crystal field acting on the interfacéonaic layer, is

proportional to the reciprocal thickness of therderagnetic layer.

Comparison of the values 4£M for the samples 3 and 6 with nearly the same Rtenb(according to the same values of
Teuie) but different thicknesses indicates that the sgamder perpendicular uniaxial anisotropy is rgigle in the thickness
range studied here. Thus we have to conclude hieatdécrease odxMg; is caused by a decrease of the saturation
magnetizatioM.

We believe that a decrease of the saturation nmagtiet belowTc , which is observed for the sample 2, is causea by
transformation of the homogeneous ferromagnetierardthe Pg,Fe, magnetic layer due to the proximity effect witle th
superconducting layer. It is well known (see, ¢2j),that the superconducting order parametetrisgly suppressed near
the S/F interface. This is due to a penetratiath@fCooper pairs into the ferromagnet where theysabjected to the strong
exchange field. This leads toTg-suppression. The destructive influence of the amgh field on the superconductivity can
considerably be weakened, if a domain structur@ dength scale smaller than the superconductingreabe lengtlis
appears in the ferromagnetic layer, because tigeexithange field would be effectively cancelledrdke dimension of the
Cooper pairs [7]. As it was mentioned in Introdoietia possible non-homogeneous magnetic ordesystam consisting of
a bulk superconductor with a thin ferromagneticaftietfilm on its surface was considered by Buzatin Bulaevskii [10] for
the first time. They obtained that the domain stallebe the ground state for a magnetic layerkihass

2 2/3
dcrit < TC | 1/2
M = SH0

Curie

(8)
whereh is the exchange field acting on the conductiontedas in the ferromagnetic layer afidis the superconducting
coherence length of the pure materiél € 0.85\/@ ). For the sample 2 we haVeg= 4.2 K, Tcyie= 100 K,Is~ 5 nm, and
&=T70 nm. From the Curie temperature we estimate  thEe concentration in the
Pd,.Fe layer as 3 at.% in accordance with Ref. 14. Tivissh ~ 100 K andd’" ~ 0.2nm. Since for our samptiyre= 1.2

nm, this estimate suggests that in our case theaterof the magnetization cannot be due to ceptohagnetism. On the
other hand, recently Bergesdtal.[12] criticized the assumptions taken in Ref. #@ eoncluded that these results can hardly
be used for quantitative estimates. They presenteitroscopic derivation of the phase diagram Validealistic parameters
of the problem involved. They considered a cryptofeagnetic state i.e. a state in which a magnaiment rotates in space
and concluded that in the absence of a strongtemisothis state is more favorable than the domstrmcture of Ref. 10.
Bergerett al.[12] determined the phase diagram in the vicioftihe superconducting transition for two variables

a= hd,, 2 , )
n \ DsTe

which takes into account the exchange splittirf conduction band in a ferromagnet and
1o TR
warep: 2

(10)

accounting for the magnetic stiffneksf the ferromagnetic layer. Hepe= vew/Ves is the ratio of the Fermi velocities of the
ferromagnetry and superconduct®gs, Ds is the diffusion coefficient in the superconductady is the electronic density of
states for a superconductor. The obtained phageadids represented in Fig. 2 of Ref. 12. The cuare plotted for different

values ofr = (Tc — T)/Tc.

In the following we make an estimate for our sam@ecording to the phase diagram of Bergetedl. [12]. The
magnetic stiffnesd is roughly proportional to the Curie temperatditer Fe withT¢,; ~ 1000 K it is of the order of 600
K/nm. So, for our sample 2 wiff e ~ 100 K it should be 60 K/nm. As we supposed apthweexchange splitting of the
conduction band of ferromagnetic BdFe, o3 is h~ 100 K, the Fermi velocityrs= 310" cm/s corresponds to the diffusion
coefficientDs~ 5 cnf/s. Assuming that the Fermi velocities of conducgtectrons in V and Rg-e, are close to each other
we obtaina~ 1.2 andi ~ 1.310° for our sample 2. In accordance to the phaseatiatyy Bergerett al[12] this implies that
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starting fromr ~ 0.2 T ~ 3 K) a transition from the ferromagnetic to tiygptoferromagnetic state should take place. Agtuall
this transition is observed experimentallyTat2 K which is close to the expected transition pdiar the sample 1 with
dv~4.4 nm andc.i250 K we have~20 andi ~ 1.410% With these values of parameters the ferromagattie is stable
at any temperatures, as it is observed experinhentalus, these estimates support the conclusinoeraing the observation
of a phase transition from the ferromagnetic tactiyptoferromagnetic state in our sample 2.

5. Summary

In summary, FMR measurements of V{Kek, bilayers prepared by molecular beam epitaxy haenperformed over
a wide temperature range. We find a decrease ddaheation magnetization of the |RHg, magnetic layer below the
superconducting transition temperature for the Y/Pé¢, bilayer system withx ~ 0.03 anddpg.re= 1.2 nm. We regard
this as a clear indication of the formation of tfm-homogeneous cryptoferromagnetic state in thgHeglayer due to

S/F proximity effect.
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